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I. REAL PARTY IN INTEREST 

The real party in interest is Novartis Vaccines and Diagnostics, Inc. 
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II. RELATED APPEALS AND INTERFERENCES 

There are no related appeals or interferences. 
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III. STATUS OF CLAIMS 

Claims 1-13, 25, 27, 36, 38, 45-48 are pending and stand rejected. Claims 26, 28, 29, 37, 
39, and 40 are withdrawn. Claims 14-24, 30-35, and 41-44 are canceled. Appellant appeals the 
rejection of claims 1-13, 25, 27, 36, 38, 45-48. 
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IV. STATUS OF AMENDMENTS 

No amendment was filed after the final rejection. 
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V. SUMMARY OF CLAIMED SUBJECT MATTER 

Independent claim 1 is directed to a method for in vivo expression of an immunogen. 
Page 3, lines 6-8. The method comprises administering a bacterial host cell to a mammal Page 3, 
lines 5-8; page 4, line 28 to page 5, line 2. The host cell comprises a polynucleotide that encodes 
an immunogen. Id, The polynucleotide is within the host cell genome, within a plasmid, or 
within a replicon. Page 4, line 30 to page 5 line 2. The host cell is unable to its own machinery to 
express the encoded immunogen. Page 6, lines 15-17. The immunogen is expressed in vivo by 
cells of the mammal. Page 2, lines 7-8. 

Independent claim 8 is directed to a method of generating an immune response in a 
mammal. Page 2, lines 17-20. The method comprises administering a bacterial host cell to the 
mammal. Id.; page 4, line 28 to page 5, line 2. The host cell comprises a polynucleotide that 
encodes an immunogen. Page 4, line 28 to page 5, line 2. The host cell is unable to use its own 
machinery to express the encoded immimogen. Id.; page 6, lines 15-17. The immunogen is 
expressed in vivo by cells of the mammal, generating an immune response in the mammal 
against the immunogen. Page 2, lines 7-8 and 16-17. 
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VI. GROUNDS OF REJECTION TO BE REVIEWED ON APPEAL 

1. Whether claims 1-13, 25, 27, 36, 38, and 45-48 are enabled under 35 U.S.C. § 1 12 

HI- 

2. Whether claims 1, 2, 5-8, 9, 12, 13, 25, 27, 36, 38, and 45-48 are prima facie 
obvious under 35 U.S.C. § 103(a). 

3. Whether claims 1-13, 25, 27, 36, 38, and 45-46 are prima facie obvious under 35 
U.S.C. § 103(a). 
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VII. ARGUMENT 

A. Rejection Under 35 U.S.C. § 112 fl for Lack of Enablement 

1. Legal Standards 

Section 112 If 1 of 35 U.S.C, states that a patent specification must teach a person skilled 
in the relevant art how to make and use the invention claimed. The Examiner has the initial 
burden to establish a reasonable basis to question the enablement provided in the specification. 
In re Wright, 999 F.2d 1557, 1562 (Fed. Cir. 1993). The Examiner must not only explain why he 
doubts the statements in the specification's supporting disclosure, but also must support his 
assertions "with acceptable evidence or reasoning which is inconsistent with the contested 
statement." In re Marzocchi, 439 F.2d 220, 224 (C.C.P.A. 1971). 

The proper standard for determining whether a specification meets the enablement 

requirement is whether any experimentation which may be needed to make and use the claimed 

invention is undue or unreasonable. In re Wands, 858 F.2d 731, 736-37 (Fed. Cir. 1988). The 

specification is addressed to those skilled in the art and need not provide knowledge generally 

known by those skilled in the art. Hybritech Inc. v. Monoclonal Antibodies, Inc., 231 U.S.P.Q. 

81, 94 (Fed. Cir. 1986); Genentech Inc. v. Novo NordiskA/S, 42 U.S.P.Q.2d 1001, 1005 (Fed. 

Cir. 1997). Wands sets forth relevant underlying fact inquiries: 

(1) the quantity of experimentation necessary, (2) the amount of 
direction or guidance presented, (3) the presence or absence of 
working examples, (4) the nature of the invention, (5) the state 
of the prior art, (6) the relative skill of those in the art, (7) the 
predictability or unpredictability of the art, and (8) the breadth 
of the claims. 

858 F.2dat737. 

The legal test for whether a disclosure provides adequate enablement for a generic claim 
is that "the scope of the claims must bear a reasonable correlation to the scope of enablement 
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provided by the specification to persons of ordinary skill in the art." In re Fisher, 427 F.2d 833, 

839, 166 (C.C.P.A. 1970) (emphasis added), cited with approval inAmgen, Inc. v. Chugai 

Pharmaceutical Co,, 927 F.2d 1200, 1212 (Fed. Cir. 1991). 

Whether a specification enables a claimed invention is a question of law based on 

underlying factual findings. In re Vaeck, 947 F.2d 488, 495 (Fed. Cir. 1991). 

2. The Examiner has not made a prima facie 
case that claims 1-13, 25, 27, 36, 38, 45-48 
are not enabled. 

Each of the appealed claims recites a step of administering a bacterial host cell to a 
mammal. Independent claims 1 and 8 recite that the bacterial host cell comprises a 
polynucleotide encoding an immunogen. Independent claim 1 fiirther specifies that the 
polynucleotide is "within the host cell genome, within a plasmid, or within a replicon." The 
Examiner has examined the pending claims "as they relate to the species Shigella" and 
acknowledges that the specification enables "a Shigella bacterial host cell to a mammal, wherein 
said Shigella comprises a plasmid encoding an immunogen." Page 2 of the Final Office Action 
mailed June 23, 2010. Dependent claims 5, 12, and 46 are directed to methods in which a 
plasmid comprises the polynucleotide encoding the immunogen. For this reason alone the 
rejection should not apply to claims 5, 12, and 46. 

The rejection centers on whether the specification enables host cells in which the 
polynucleotide encoding the immunogen is other than "within a plasmid." As stated above, the 
legal test for whether a disclosure provides adequate enablement for a generic claim is that "the 
scope of the claims must bear a reasonable correlation to the scope of enablement provided by 
the specification to persons of ordinary skill in the art." In re Fisher, 427 F.2d at 839, As set 
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forth below, the specification provides adequate enablement for a polynucleotide encoding an 

immunogen, and the Examiner has provided no reasonable basis to question this enablement. 

Polynucleotides encoding immunogens are well known in the art, as is their introduction 

into bacterial host cells, and the specification provides substantial guidance to a skilled artisan 

regarding both polynucleotides and their use to express an immunogen. The specification 

explains that a polynucleotide encoding an immunogen can be from a variety of sources: 

The term polynucleotide, as known in the art, generally refers 
to a nucleic acid molecule. A polynucleotide can include both 
double- and single stranded sequences and refers to, but is not 
limited to, cDNA from viral, prokaryotic or eukaryotic mRNA, 
genomic RNA and DNA sequences from viral (e.g. RNA and 
DNA viruses and retroviruses) or prokaryotic DNA, and 
especially synthetic DNA sequences. 

Specification, page 4, lines 7-11. The specification further discloses that "the term 
[polynucleotide] also captures sequences that include any of the known base analogs of DNA 
and RNA and includes modifications such as deletions, additions and substitutions (generally 
conservative in nature) to the native sequence, so long as the nucleic acid molecule encodes a 
therapeutic or antigenic protein." Id,, lines 1 1-15. The specification further teaches that "a 
polynucleotide can include as little as 10 consecutive nucleotides, e.g., where the polynucleotide 
encodes an antigen." Id., lines 21-23. 

The specification provides examples of control elements that can be used to regulate 
expression from the polynucleotide in the mammal at page 6, lines 9-13: "For example, the 
polynucleotide sequence encoding the immunogen may be cloned into Sail and £co7?/ restriction 
sites of the eukaryotic expression vector pCMVKm2. This vector contains a cytomegalovirus 
(CMV) immediate-early enhancer/promoter and a bGH terminator." See also page 2, lines 14-15 
disclosing that "[s]uitable promoters and vectors may be chosen to direct the expression of the 
immunogen." Based on the specification's teachings and the accumulated knowledge in the field 
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of molecular biology, one skilled in the art could readily prepare a polynucleotide encoding an 
immunogen and introduce it into a bacterial host cell. 

Artisans typically introduce polynucleotides into bacteria in plasmid form. However, the 
state of the art is such that bacteria can be introduced in a variety of ways. In some cases, the 
polynucleotide may be incorporated in the genome, in other cases, the polynucleotide may be in 
an RNA or DNA replicon. Linear forms are also known. See, for example, Girons (Tab 10) at 
page 1809, col. 1 f 3 to page 1810, col. 1 If 1. The skilled artisan therefore can select from a 
variety of well-known, long-practiced approaches to prepare bacteria containing polynucleotides. 

Claims 6 and 13 recite that the polynucleotide is incorporated into the host genome, and 
claim 45 recites that the polynucleotide is integrated within the host cell genome. The 
specification teaches that "polynucleotides encoding potential immunogens have been incorporated 
into open reading frames within bacterial genomes." Page 1, lines 12-14. See also page 4, line 30 
to page 5, line 2, which teaches that bacteria can include a polynucleotide encoding the 
immunogen integrated within its genome. Making bacteria containing exogenous polynucleotides 
incorporated or integrated into the bacterial host cell genome is old in the art. See, for example, 
U.S. Pat. No. 5,695,976, "Stable Integration of DNA in Bacterial Genomes," which issued in 
1997 (Tab 9). 

Claims 47 and 48 specifically recite a DNA replicon and an RNA replicon, respectively. 
Plasmids and replicons are highly similar; indeed, in most cases the terms are synonymous. As 
noted above, the Examiner acknowledges that plasmids are enabled. Replicons, which may be 
RNA or DNA, are nucleic acids having a single origin of replication. Plasmids with only one 
replicating genetic unit are replicons. However, plasmids can contain more than one replicating 
genetic unit; z.e,, more than one replicon. See, for example, Sambrook (Tab 8): 
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Usually a plasmid will contain only one origin of replication 
together with its associated cis-acting control elements (the whole 
genetic unit being defined as a *replicon'). Very rarely, however, 
plasmids that been generated by fusion will contain more than one 
replicon; in such cases, only one replicon is active. 

Thus, because replicons propagate in bacteria, they can readily be maintained within bacteria 

using techniques well known in the art. 

The Examiner contends that "the specification does not correlate the use of plasmids to 
using linear strands of non-plasmid DNA, to RNA, to replicons (DNA or RNA) or to any virus 
(including retrovirus, specifically HIV) as the polynucleotide." Office Action of June 23, 2010 at 
page 3. Thus, the Examiner concludes, "[i]t would have required . . . undue experimentation to 
determine how to use any polynucleotide, specifically linear strands of non-plasmid DNA, RNA 
replicons (DNA or RNA) or any virus including retrovirus (especially HIV) to express 
immunogens in mammal as claimed." Id} 

Nothing in these statements supplies a reasonable basis required to establish a prima facie 
case of non-enablement. The Examiner simply asserts that the specification does not "correlate" 
plasmids to other polynucleotides then summarily concludes that undue experimentation would 
be required to use any polynucleotide. Final Office Action mailed June 23, 2010, at page 3. The 
Examiner has provided neither reasoning nor evidence to support the assertion that one of skill in 
the art could not use any polynucleotide. The Examiner has not provided an explanation why one 



^ A particular focus of the rejection appears to be the use of an entire retroviral genome inside the bacterial host cell: 
"Applicants' argument is not persuasive because the polynucleotide can still be with the host cell genome which 
includes any nucleic acid sequence including a retrovirus." Office Action of June 23, 2010 at page 3. This objection 
is not well-founded. One of skill in the art would not move the entire retroviral genome en mass into a bacterial cell. 
Rather, a skilled artisan would identify the relevant polynucleotides encoding the desired immunogens and introduce 
them into the bacteria. Such an approach does not preclude introducing a polynucleotide encoding multiple 
immunogens. The immunogens encoded by the polynucleotides will be expressed in the mammal, provided that 
mammalian control elements can direct expression of the immimogen. Control elements to direct expression of 
polynucleotides in mammalian cells are well known. 
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of skill in the art could not take any polynucleotide encoding an immunogen and introduce it into 
a bacterial host cell, including within the host cell genome, within a plasmid, or within a replicon. 
Nor has the Examiner cited any scientific studies that support an assertion a skilled artisan could 
not make and use bacterial host cells comprising a polynucleotide. The Examiner therefore has 
not established that any of claims 1-13, 25, 27, 36, 38, 45-48 is not enabled. 

3. The Specification Enables use of Bacterial Host Cells Other than 
Shigella. 

Finally, as noted above, the claims have been examined "as they relate to the species 
Shigella." The specification teaches use of Shigella flexneri on page 5, lines 6-8, and in the 
working Example on pages 18-19. Claims 27 and 38 recite that the bacterial host cell is Shigella 
flexneri and should be allowed on this basis alone. For the sake of completeness. Appellant notes 
that the arguments set forth above apply with equal force to other species of bacterial host cells. 

The specification teaches that "[b]acterial host cells suitable for use in the invention 
include E, coli. Shigella spp, , Bordella spp. , Salmonella spp, , Bacillus spp. , Streptococcus spp„ 
Mycobacteria spp. or other bacterial species, or other microorganisms which can harbor plasmids 
or DNA or RNA replicons." Page 5, lines 3-6. The specification also teaches various methods of 
rendering a bacterial host cell "unable to use its own machinery to express the encoded 
immunogen." Heat treatment, as recited in claims 2 and 9, is taught on pages 18-19. UV light 
exposure (as recited in claims 3 and 10) and hydrogen peroxide treatment (as recited in claims 4 
and 1 1) are taught on page 6, lines 15-19. The skilled artisan could readily apply any of these 
methods to bacterial host cells other than Shigella, including those explicitly taught in the 
specification and recited in claims 25 and 36 {E, coli. Shigella spp,, Bordella spp.. Salmonella 
spp.. Bacillus spp,. Streptococcus spp,, Mycobacteria spp,), 
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4. Conclusion 

The determination of enablement should be based on the weight of all the evidence of 
record. Wands, 858 F.2d at 737; M.P.E.P. § 2164.04. The specification provides ample guidance 
to make a bacterial host cell comprising a polynucleotide encoding an immunogen and to treat 
the bacteria such that they are unable to use their own machinery to express the immunogen. The 
molecular biology approaches required to prepare a polynucleotide that can express an 
immunogen in a mammal and introduce it to bacteria are well-known, and the underlying 
biology required to express a protein in a mammalian cell is a predictable art. One of skill in the 
art could readily prepare a bacterial host cell comprising a polynucleotide encoding an 
immunogen. 

Together with the maturity of the molecular biology arts and the predictability of protein 
expression in mammalian cells, the facts set forth above compel the legal conclusion that the 
specification enables the full scope of claims 1-13, 25, 27, 36 38, 45-48. The Examiner has 
provided no evidence to the contrary. The rejection under 35 U.S.C. § 112^1 should therefore 
be reversed. 
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B. Rejection under 35 U.S.C. § 103(a) over Xu, zur Megede, Masschalck, and 
Raettig 

The issue in this rejection is whether the Examiner has established that claims 1, 2, 5-8, 9, 
12, 13, 25, 27, 36, 38, and 45-48 are prima facie obvious. Appellants understand, pursuant to a 
teleconference with Examiner Wilson, that this rejection would be withdrawn in view of the 
arguments made in the pre-appeal brief request for review. As a result of the procedural posture 
of the case, however. Appellants have responded to the outstanding rejection in full. 

1 . Principles of Law 

A claimed invention is not patentable if the subject matter of the claimed invention would 

have been obvious to a person having ordinary skill in the art. 35 U.S.C. § 103(a). Facts relevant 
to a determination of obviousness include (1) the scope and content of the prior art, (2) any 
differences between the claimed invention and the prior art, (3) the level of ordinary skill in the 
art, and (4) relevant objective evidence of obviousness or non-obviousness. Graham v. John 
Deere Co. of Kansas City, 383 U.S. 1,17-18 (1966). "[0]bviousness requires a suggestion of all 
limitations in a claim." CMFT, Inc, v. Yieldup Intern. Corp,, 349 F.3d 1333, 1342 (Fed. Cir. 
2001) (citing In re Royka, 490 F.2d 981, 985 (C.C.P.A, 1974)). 

The determination of whether obviousness is established by combining references must 
be based on "what the combined teachings of the references would have suggested to those of 
ordinary skill in the art." In re GPAC Inc., 57 F.3d 1573, 1581 (Fed. Cir. 1995) (internal 
quotations omitted). In KSR Int'l Co. v. Teleflex Inc., the Supreme Court emphasized "an 
expansive and flexible approach" to the obviousness question. 550 U.S. 389 at 418 (2007). The 
Court also reaffirmed, however, that "a patent composed of several elements is not proved 
obvious merely by demonstrating that each of its elements was, independently, known in the 
prior art." Id. The Court stated: 
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[I]t can be important to identify a reason that would have prompted 
a person of ordinary skill in the relevant field to combine the 
elements in the way the claimed new invention does . . . because 
inventions in most, if not all, instances rely upon building blocks 
long since uncovered, and claimed discoveries almost of necessity 
will be combinations of what, in some sense, is already known. 

550 U.S. at 418-19 (emphasis added). See also Id. at 418 (requiring a determination of "whether 

there was an apparent reason to combine the known elements in the fashion claimed by the 

patent at issue") (emphasis added). 

2. Findings of Fact 

The Graham factors continue to define the inquiry whether an invention is prima facie 
obvious. KSR, 550 U.S. at 407. This inquiry reveals the following relevant facts. 

a. Scope and Content of Prior Art 

The Examiner cites a proposed combination of four references: Xu (Tab 2), zur Megede 
(Tab 3), Masschalck (Tab 4), and Raettig (Tab 5) as rendering claims 1, 2, 5-8, 9, 12, 13, 25, 27, 
36, 38, and 45-48 prima facie obvious. Xu is the primary reference. The Examiner relies on Xu 
to teach attenuated Shigella comprising a plasmid encoding HIV-1 SF2 Gag, under the control of 
a mammalian promoter, to mice. Office Action of June 23, 2010 at page 4. Xu, however, cannot 
be used in a rejection against the pending claims because a declaration under 37 C.F.R § 1 . 1 3 1 of 
the sole inventor, Dr. Feng Xu (Tab 1), establishes that Xu is not prior art to the present 
application. 

An effective declaration under 37 C.F.R § 1.131 requires a showing of facts that 

establishes reduction to practice prior to the effective date of the reference. 37 C.F.R § 1.131. 

The declaration need not show the identical disclosure of the reference. Rather, 

If the affidavit contains facts showing a completion of the 
invention commensurate with the extent of the invention as 
claimed is shown in the reference or activity, the affidavit or 
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declaration is sufficient, whether or not it is a showing of the 
identical disclosure of the reference or the identical subject matter 
involved in the activity. 

M.P.E.P § 715.02 (8* ed., Sept. 2007) (citing In re Wakefield, 422 F.2d 897, 964 (C.C.P.A. 

1970). 

Xu teaches using attenuated bacteria containing plasmids encoding an antigen and 
administering the bacteria to mice to induce an immune response. Dr. Xu's declaration provides 
the required showing to antedate Xu. First, Dr. Xu states all work described in his declaration 
was performed before October 25, 2002, the date that Xu was publicly available on the internet. 
Declaration at 1 2. Second, Dr. Xu's declaration explains that he prepared heat-killed bacteria 
containing a plasmid that encodes an antigen, administered the bacteria to mice, and induced an 
immune response. Dr. Xu states that he immunized mice with killed Shigella flexneri carrying a 
plasmid containing DNA encoding an HIV gag antigen. Declaration at Tf^ 3, 5. Dr. Xu states that 
the "[b]acterial cells were heat killed." Declaration at 1 5, Dr. Xu states that the data 
demonstrated that immimization of mice with killed bacterial cells which harbor a plasmid that 
contains DNA encoding HIV gag causes an immune response directed against the HIV gag. Id, 
As noted above, all of this work was performed before October 25, 2002. 

Dr. Xu's declaration contains facts sufficient to show that he prepared heat-killed bacteria 
containing a plasmid encoding an antigen, administered the bacteria to mice, and induced an 
immune response before Xu's publication date. Dr. Xu's declaration meets the requirements of 
37 C.F.R. § 1 . 1 3 1 and is therefore sufficient to antedate Xu. 

With Xu removed as a reference, the rejection relies only on zur Megede, Masschalck, 
and Raettig. Zur Megede teaches using modified HIV gene sequences in plasmids for improved 
expression and the use of CMV promoters in the plasmids. Page 2629, col. 1,12. The plasmids 
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are administered to mammals but are not contained within bacteria. Masschalck teaches 
inactivating gram-negative bacteria, including Shigella, but for food preservation applications. 
Page 339, col. 1, Tf 1. Masschalck teaches inactivating bacteria using high pressure and lysozyme, 
an enzyme that degrades bacterial cell walls. Page 339, Abstract. Raettig, which is only a short 
abstract, teaches preparing a vaccine against Shigella, and other bacterial species, by heat- 
inactivating the bacteria and administering the heat-inactivated bacteria to mice. 

b. Difference Between the Claimed 
Invention and the Prior Art 

The second factual inquiry under Graham is to ascertain the differences between the 
claimed invention and the cited art. 383 U.S. at 17. In determining these differences, the question 
is not whether the differences themselves would have been obvious, but whether the claimed 
invention as a whole would have been obvious. Stratoflex, Inc. v. Aeroquip Corp., 713 F,2d 
1530, 1538 (Fed. Cir. 1983). Moreover, "[a]ll words in a claim must be considered in judging the 
patentability of that claim against the prior art." In re Wilson, 424 F.2d 1382, 1383 (C.C.P.A. 
1970). 

Each of the appealed claims includes a step of "administering a bacterial host cell to a 
mammal, wherein said host cell comprises a polynucleotide encoding an immunogen, wherein 
the host cell is unable to use its own machinery to express the encoded immunogen, and wherein 
the immxmogen is expressed in vivo by the cells of the mammal." 

The references do not teach or suggest this feature. Zur Megede teaches modified HIV 
gene sequences in plasmids for improved expression. The plasmids are administered to 
mammals. Zur Megede does not teach or suggest administering plasmids inside bacteria to 
mammals. Masschalck teaches inactivating gram-negative bacteria, including Shigella, for food 
pasteurization. Page 339, col. 1, Ifl- Masschalck inactivates bacteria using high pressure and 
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lysozyme, an enzyme that degrades bacterial cell walls. Page 339, Abstract. Masschalck's 
teachings are unrelated to vaccine applications. The Raettig abstract teaches heat-inactivation of 
Shigella and other heat-inactivated bacteria and administration of the heat-inactivated bacteria to 
mice as a vaccine against the bacteria. Nothing in Raettig suggests modifying the bacteria to 
include a polynucleotide encoding an immunogen that can be expressed by the cells of the 
mammal. 

3. Analysis 

Xu, the primary reference, is not prior art to the pending application. Nothing in the 
disclosures of the remaining references — ^zur Megede, Masschalck, and Raettig — ^would have 
provided one of ordinary skill with any motivation to make a bacterial host cell comprising 
polynucleotides encoding immunogens, wherein the bacterial host cell is unable to use its own 
machinery to express the encoded immunogen. First, Masschalck is directed to developing 
pasteurization technology for food preparation and is silent regarding genetically-modified 
bacteria and their use. Masschalck does not teach or suggest anything about inducing immune 
responses or about expressing immunogens in mammals. One of ordinary skill would therefore 
not even consider combining Masschalck with zur Megede or Raettig. 

Raettig is directed to producing a whole-cell vaccine against bacteria. In contrast, zur 
Megede is directed to producing immune responses against an encoded immunogen. There is no 
suggestion in Raettif or zur Megede to express an immunogen in mammalian cells by 
administering a bacterial host cell comprising a polynucleotide encoding the immunogen, 
wherein the host cell is unable to use its own machinery to express the immunogen. 

Nothing in the cited references, alone or in combination, would have provided the 
ordinary artisan with any reason to administer to a mammal a bacterial host cell comprising a 
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polynucleotide that encodes an immunogen, wherein the host cell is unable to use its own 

machinery to express the immunogen, and wherein the immunogen is expressed in vivo by cells 

of the mammal. There is no evidence of record to the contrary. The Examiner has therefore not 

established that claims 1, 2, 5-8, 9, 12, 13, 25, 27, 36, 38, and 45-48 are prima facie obvious. The 

rejection should be reversed. 

C. Rejection Under 35 U.S.C. § 103(a) Over Xu, 
Zur Megede, Masschalck, Raettig, Chang, and 
Kruithof 

The issue in this rejection is whether the Examiner has established that claims 1-13, 25, 
27, 36, 38, and 45-46 are prima facie obvious. 

The analysis above applies with equal force to the rejection of claims 1-13, 25, 27, 36, 
38, and 45-46 over Xu, zur Megede, Masschalck, Raettig, Chang (Tab 6), and Kruithof (Tab 7). 

As explained above, Xu is not prior art to the pending claims, and the teachings of zur 
Megede, Masschalck, and Raettig — even if, arguendo, combined — ^would not make claims 1, 2, 
5-8, 9, 12, 13, 25, 27, 36, 38, and 45-48 prima facie obvious. Neither Chang nor Kruithof cures 
these deficiencies with respect to claims 1, 2, 5-8, 9, 12, 13, 25, 27, 36, 38, and 45-48 or makes 
claims 3, 4, 10, or 11 prima facie obvious. 

Chang is cited only as teaching inactivating Shigella using UV light. Office Action of 
June 23, 2010 at page 6, Kruithof is cited only as teaching inactivating bacteria using UV light. 
Id. Nothing in Chang or Kruithof provides any reason to express an immunogen in a mammal by 
administering a bacterial host cell comprising a polynucleotide encoding the immunogen, 
wherein the bacterial cell cannot use its own machinery to express the encoded immunogen. 
Chang assessed survival of various microorganisms, including Shigella, after UV light exposure. 
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Chang is silent regarding genetically-modified bacteria and their use in expressing proteins in 
mammals or in inducing immune responses in mammals. 

Kruithof is directed to disinfecting water contaminated by microorganisms. Kruithof 
teaches killing the microorganisms using hydrogen peroxide and UV light. Kruithof, like Chang, 
is silent regarding genetically-modified bacteria and their use in expressing proteins in mammals 
or in inducing immune responses in mammals. Neither reference provides any reason to prepare 
a bacterial host cell comprising a polynucleotide encoding an immunogen, wherein the host cell 
is unable to use its own machinery to express the encoded immunogen. 

Thus, even if combined, nothing in the disclosures of zur Megede, Masschalck, Raettig, 
Chang, and Kruithof, alone or in combination, would have provided the ordinary artisan with any 
reason to administer to a mammal a bacterial host cell comprising a polynucleotide that encodes 
an immunogen, wherein the host cell is unable to use its own machinery to express the 
immunogen, and wherein the immunogen is expressed in vivo by cells of the mammal. There is 
no evidence of record to the contrary. 

The Examiner has not established that claims 1-13, 25, 27, 36, 38, and 45-46 are prima 
facie obvious. The rejection of claims 1-13, 25, 27, 36, 38, and 45-46 as obvious over Xu, zur 
Megede Masschalck, Raettig, Chang, and Kruithof should therefore be reversed. 
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VIIL CONCLUSIONS 

1 . The Examiner has not established a prima facie case that claims 1-13, 25, 27, 36 38, 45- 
48 are not enabled, therefore, the rejection under 35 U.S.C. § 1 12 ^1 should be reversed. 

2. The Examiner has not established a prima facie case that claims 1, 2, 5-8, 9, 12, 13, 25, 
27, 36, 38, and 45-48 are obvious over Xu, zur Megede, Masschalck, and Raettig; 
therefore, the rejection under 35 U.S.C. § 103(a) should be reversed. 

3. The Examiner has not established a prima facie case that claims 1, 2, 5-8, 9, 12, 13, 25, 
27, 36, 38, and 45-48 are obvious over Xu, zur Megede, Masschalck, Raettig, Chang, and 
Kruithof; therefore, the rejection under 35 U.S.C. § 103(a) should be reversed. 

Respectfully submitted, 
BANNER Sc WITCOFF, LTD. 

Date: July 1 8, 20 1 1 By: /Fraser D. Brown/ 

Fraser D. Brown 
Registration No. L0617 
Attorney for Applicant 
1 100 13th Street, N.W., Suite 1200 
Washington, DC 20005-4051 
(202) 824-3000 (telephone) 
(202) 824-3001 (facsimile) 
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IX. CLAIMS APPENDIX 

1 . A method for in vivo expression of an ininiunogen comprising: 
administering a bacterial host cell to a mammal, wherein said host cell comprises a 
polynucleotide encoding an inmiimogen, wherein the polynucleotide is within the host cell 
genome, within a plasmid, or within a replicon, wherein the bacterial host cell is unable to 
use its own machinery to express the encoded immunogen, and wherein the inmiunogen is 
expressed in vivo by cells of the mammal. 

2. The method of claim 1 wherein the bacterial host cell is unable to use its own machinery to 
express the encoded immunogen due to heat treatment. 

3. The method of claim 1 wherein the bacterial host cell is unable to use its own machinery to 
express the encoded immunogen due to ultra-violet light exposure. 

4. The method of claim 1 wherein the bacterial host cell is unable to use its own machinery to 
express the encoded immunogen due to hydrogen peroxide treatment. 

5. The method of claim 1 wherein a plasmid comprises the polynucleotide encoding the 
inmiunogen. 

6. The method of claim 1 wherein the polynucleotide encoding the inmiunogen is 
incorporated into the host cell genome. 
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7. The method of claim 1 wherein the expressed immunogen generates an immune response 
in the mammal. 

8. A method of generating an immune response in a mammal comprising: 

administering a bacterial host cell to said mammal, wherein said host cell comprises 
a polynucleotide encoding an immunogen, wherein the host cell is unable to use its own 
machinery to express the encoded immunogen, wherein the immunogen is expressed in 
vivo by cells of the mammal, thereby generating an immune response in the mammal 
against the immunogen. 

9. The method of claim 8 wherein the bacterial host cell is unable to use its own machinery to 
express the encoded immunogen due to heat treatment. 

10. The method of claim 8 wherein the bacterial host cell is unable to use its own machinery to 
express the encoded immunogen due to ultraviolet light exposure. 

1 1 . The method of claim 8 wherein the bacterial host cell is unable to use its own machinery to 
express the encoded immunogen due to hydrogen peroxide treatment. 

12. The method of claim 8 wherein a plasmid comprises the polynucleotide encoding the 
immunogen. 

1 3 . The method of claim 8 wherein the polynucleotide encoding the immunogen is 
incorporated into the host cell genome. 
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25. The method of claim 1 wherein the bacterial host cell is selected from the group 
consisting of E, coli. Shigella spp, Bordella spp. Salmonella spp. Bacillus spp. 
Streptococcus spp^ and Mycobacteria spp. 



27. The method of claim 25 wherein the bacterial host cell is Shigella flexnerL 



36. The method of claim 8 wherein the bacterial host cell is selected from the group 

consisting of E, coli, Shigella spp, Bordella spp. Salmonella spp. Bacillus spp. 
Streptococcus spp, and Mycobacteria spp. 



38. The method of claim 36 wherein the bacterial host cell is Shigella flexneri. 



45. The method of claim 1 wherein the polynucleotide encoding an inmiunogen is integrated 
within the host cell genome. 



46. The method of claim 1 wherein the polynucleotide encoding an immunogen is within a 
plasmid. 



47. The method of claim 1 wherein the replicon is a DNA replicon. 



48. The method of claim 1 wherein the replicon is an RNA replicon. 
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TABl 



Declaration under 37 C.F.R. § 1.131 of Dr. Feng Xu 



PATENT 



IN THE UNITED STATES PATENT AND TRADEMARK OFFICE 



In re Application of: 



Conf. No. 4572 



FengXu 



Group Art Unit 1632 



Serial No: 10/567,940 



Examiner: Michael C. Wilson 



Filed: September 27, 2006 



Atty. Docket No. PP019817.0003 



For: INACTIVATED HOST CELL DELIVERY 

OF POLYNUCLEOTIDES ENCODING EVfMUNOGENS 



DECLARATION OF DR. FENG XU UNDER 37 C J.R. 8 131 



U.S. Patent and Trademark Office 

Randolph Building 
401 Dulany Street 
Alexandria, VA 22314 

I, Feng Xu, hereby declare the following: 

1 . I am named as the sole mventor of the subject matter clauned in application Serial 
No. 10/567,940. At the time this plication was filed, I was an employee of Chiron 
Corporation, 

2. All work described in this declaration was performed in the United States before 
October 25, 2002. 

3. Before October 25, 2002, I demonstrated that immunization of animals directly 
with killed bacterial cells of E. coli and Shigella flexineri with plasmid containing DNA 
encoding an antigen could generate immime responses directed against the antigen encoded by 
the DNA. 



032441.00046 
PAT051730-US-PCT 



4. Results showing a cellular response (interferon-y production) in mice after 
intramuscular immunization with killed recombinant bacterial cells carrying a plasmid 
containing DNA encoding HIV gag protein are shown in the table below. 



Vaccine 


Interferon-y production (pg/lO^ spleen cells) 


KUled E. coli DH5a (5x10* cfu) 


96.4 


KiWod Shigella 1207-3 (5 x 10' cfli) 


313 


Killed Shigella 1207-3 (5 x lO'' cfu) 


175 


Saline 


0 



5. The data in the table were generated as follows. Bacterial cells were heat killed 
and injected in a 2 x 50 fil volimie into the tibialis anterior muscle of each mouse leg. Saline was 
used as a negative control. Spleen cells were collected after the immunized mice were challenged 
intra-peritoneally with a recombinant vaccinia virus that expresses HIV gag protein. The 
collected spleen cells were then stimulated with HIV gag p7 peptide to measure the cells' ability 
to respond to the immunogen by producing interferon-y. The data demonstrate that 
immimization of mice with killed bacterial cells which harbor a plasmid that contains DNA 
encoding HIV gag causes an immune response directed against the HIV gag 

6. All statements I made in this declaration of my own knowledge are true. I believe 
all statements made on information and belief to be true. I made these statements with the 
knowledge that willful false statements and the like so made are punishable by fine or 



2 



imprisonment, or both, under Section 1001 of Title 18 of the United States Code and that such 
willful false statements may jeopardize the validity of flie patent. 




Feng Xu, Ph.D. 
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Abstract 

The use of live attenuated invasive bacteria as a carrier for DNA-based vaccines has been reported recently. In this study, we used a 
Shigella/! exnerisQTotypo 2a r/ibFmutant for immunization of a DNA vaccine coding for HIV-1 SF2 Gag. The recombinant bacterial vector 
delivered ^a^DNA to mammalian cells in vitro resulting in Gag protein expression, and was found to have a low level of pathogenicity 
among a number of Shigella cell spread defective mutants tested. Intranasal immunization of mice with live recombinant bacterial cells 
induced a gag-specific cellular immune response similar to that seen with i.m, injection of naked DNA. Importantly, a strong boosting 
effect was observed in mice primed with DNA, suggesting utility of bacterial vectors in prime-boost vaccination regimens. 
© 2002 Elsevier Science Ltd. All rights reserved. 

Keywords: Shigella; DNA vaccine; HIV gag 



1. Introduction 

Gene transfer from bacteria to mammalian cells was first 
observed when tandem copies of the SV 40 virus genome 
carried by Escherichia coli was transferred into cocultured 
mammalian cells [I J. The transfer efficiency was very 
low, likely due to the poor frequency of bacteria entering 
mammalian cells and escaping from endosomes into the cy- 
toplasm. An improved transfer system was later developed 
using invasive Shigella strains, which readily gain access 
to the cytoplasm of infected cells [2.3 1. Such a vector sys- 
tem for DNA delivery has recently been used in prototype 
vaccines. Immunization with recombinant invasive bacteria 
including Shigeila, Salmonelia and Listeria carrying plas- 
mid DNA vaccines has been shown to induce protective 
immune responses in mice (for reviews, see [4,5]). Using 
human enteric bacteria is particularly advantageous because 
of their ability to infect human colonic mucosa, and their 
tropism for and activation of dendritic cells and macrophage 
of internal mucosa. Thus, they are very efficient for delivery 
of DNA vaccines to antigen presenting cells (APCs) in the 
mucosa for induction of potent systemic and local immune 
responses. Such responses may be critical for the develop- 
ment of an effective prophylactic HIV vaccine, as a large 
number of HIV transmissions are through human mucosal 



* Corresponding author. Tel.: +1-510-923-5140; fax: +1-510-923-2586. 
f-ma/y a</dre5s; jeffrey_uimer@chiron.com (J.B. Ulmer). 



routes (for reviews, see [6 J|). Recently, Shigeiia carrying 
DNA encoding HIV gpl20 were shown to be immuno- 
genic in mice [8,9], Specifically, strains mutated in the asd 
(diaminopimelic acid biosynthesis), aroA (aromatic amino 
acid synthesis) and icsA (control of cell to cell spread) 
genes were used. We report here that an attenuated strain 
of Shigeiia mutated in the rfbF (0-antigen synthesis) gene 
and carrying a plasmid encoding HIV gag was effective for 
inducing local and systemic immune responses, and may 
be useful in prime-boost vaccination regimens with DNA 
vaccines. 



2. Materials and methods 

2. 1. Bacterial strains and plasmids 

Shigeiia flexneri serotype 2a wild-type host SAIOO and 
its derived mutants with Tn5 transposon inserted in single 
genes of vpsC, ispA, icsA^ rfbF, and ipaC [ 1 0 J 1 ], were ob- 
tained from University of Texas at Austin. Other SAIOO de- 
rived dapB and dsbA mutants were made in this study by 
PI phage transduction using donor hosts S. flexneri EB2104 
{dapB, Tn5 insertion) [12] and E. C£?/j JCB571 (dsbA, Tn5 
insertion) [13], respectively. Shigeiia strains were cultured 
in Tryptic Soy medium and E. coH in LB, Diaminopimelic 
acid (Dap, 100)ULg/ml) was added in the media for grow- 
ing dapB mutants. Kanamycin (100 |xg/ml) and ampicillin 
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(100 fxg/ml) were used for selection of drug resistant bac- 
teria. Except for the ipaC mutant, single red (a phenotype 
of invasiveness) colony of Shigella strains was isolated on 
Tryptic Soy/Congo red plates and propagated. 

DNA vaccine pCMVH.gag, encoding the HIV-1 SF2 
gag gene, was modified from piasmid pCM Vgag [ \ 4] with 
the replacement of a new piasmid replication origin {ori) 
and ampicilin resistance gene (awff). The pCMVH.gag 
was found stable and replicating with a high copy num- 
ber in Shigella (data not shown). The new ori region was 
made by PGR from pN0P6 [15] using primers 5'-TATA- 
GCTAGCA CGTAGAAAAGATCAAAGGATCTTC (under- 
lined sequence: Nhel) and 5'-TATAGGTACCGTAAAAA- 
GGCCGCGTTGCTGGCG (underlined sequence: Kpnl); 
and the awff gene region is similarly made from pGEM3 
(Promega) using primers 5'-TATACCCGGGAAATGTGC- 
GCGGAACCCCTATTTG (underlined sequence: Xmal) and 
5'-TATAGGTACCAATCTAAAGTATATATGAGTAAACT- 
TGG (underlined sequence: Kpnl), Construction of pCM- 
VH.gag was made in two steps. The first step was the 
construction of pCMVH.gag-Km by ligation of the new ori 
region with the on-deleted pCMVgag PCR fragment made 
using primers 5'-TATAGCTAGCGGCCGCGGAATTTC- 
GACTCTAGG (underiined sequence: Nhel) and 5'-TATA- 
GGTACC GCCATCGCCCTGATAGACGGTTTTTC (unde- 
riined sequence: Kpnl), The second step was by ligation of 
the amp" region with the kanamycine resistance gene-del- 
eted pCMVH.gag-Km PCR fragment made using primers 
5'-TATACCCGGGCCTGCTATTGTCTTCCCAATCCTCC- 
CCC (underiined sequence: Xwal) and 5'-TATAGGTACC- 
GTAAAAAGGCCGCGTTGCTGGCG (underiined sequ- 
ence: Kpnl). 

Piasmid pNS.gag was made from piasmid pILH-lwhich 
expresses and secretes listeriolysin using the E. coli hae- 
molysin secretion elements [16], with the replacement of 
the listeriosin coding region (Ncol-Nhel) with a Ncol-Nhel 
HIV-1 SF2 gag gcnQ coding region. The ^a^DNA fragment 
was made by PCR amplification using pCMVgag template 
and primers S'-GTCGACGCCACCATGGGCGCCCGCGC 
(underlined sequence: Ncol) and 5<-GCATCCATG GCTAGC- 
CTGGCTGCTGGGGTCGTTGCCGAAC (underiined se- 
quence: Nhel), Piasmid pNS. gag DNA, after removing the 
Apal restriction enzyme site via cutting with Apal and then 
filling-in with Klenow enzyme, loses the function of the 
transport gene hlyD and makes a non-secreted Gag protein 
(our unpublished data and [17]). 

2,2. In vitro gene expression 

Bacterial cells carrying the HIV gag piasmid were grown 
in broth to ODeoo 1-1.2, washed with saline solution twice, 
and assayed for the level of Gag (p55) protein expression 
via quantification of p24 peptide, per the Coulter HIV-1 p24 
Antigen Assay kit (Coulter Corporation, Miami, FL). Hu- 
man intestinal Henle monolayers were cultured in Earie's 
minimal essential medium — 2mM glutamine — 10% fetal 



calf serum, and infected with Shigella carrying the HIV gag 
piasmid as previously described [1 1]. Mouse bone marrow 
derived macrophage and dendritic cells were prepared us- 
ing the protocol by Fortier and Falk [18] and tested for Gag 
expression as above. 

2.3. Immunization and evaluation of bacterial 
pathogenicity 

Bacterial cells grown at late logarithmic phase were 
washed two times with saline, and resuspended in saline 
and stored at -80 °C in 10% glycerol (1 OD6oo/ml). No 
difference was found between freshly made samples and 
samples made from the 6-month-old frozen stocks with 
regard to their immunogenicity in vivo and their ability to 
invade mammalian cells in vitro. 

Female BALB/c and CB6F1 mice were purchased from 
Charies River Breeding Laboratories (Wilmington, MA) and 
housed at an AALAC-accredited facility (Chiron, Emery- 
ville, CA). BALB/c mice were used for the Sereny test to 
evaluate the severity of inflammation caused by Shigella 
strains [ 1 9]. CB6F 1 mice were used for further assessing the 
pathogenicity of different mutants in a survival test. Where 
indicated, mice were sedated by intraperitoneal (i.p.) injec- 
tion of a mixture of 0.3 mg xylazine hydrochloride (Loyd 
Labs, Shenandoah, lA), and 1.0 mg ketamine hydrochloride 
(Fort Dodge Animal Health, Fort Dodge, lA) in 200 jjil of 
saline. Bacteria were administered intranasally (i.n.) (1 x lO"^ 
CFU live bacteria in 20 |uil saline) and mice were monitored 
for survival. 

2.4. Cellular immune responses 

CB6F1 mice were immunized by i.m. injection of 
pCMVgag DNA (50|xl in tibialis anterior muscle) or by 
i.n. instillation of bacteria (20 |jl1) then challenged by in- 
jection of 1 X 10^ PFU of a recombinant vaccinia virus 
(rVV) encoding the HIV-1 SF2 gag-pol gQxiQS (rv\gag-poi) 
[14]. Five days after rVV challenge, mouse spleens and 
lungs were collected, and processed to a single-cell sus- 
pension. Gag-specific immune responses were measured by 
interferon-'Y (IFN-7) production after stimulation with an 
H-2'^ -restricted gag peptide, according to zur Megede et al. 
[14]. 

3. Results and discussion 

5.7. Selection of an attenuated ShigeWa carrier 

We focused on selection of a Shigella carrier from various 
mutants that were invasive, yet defective in proliferation in 
or spread between mammalian cells. These mutants were de- 
rived from S.flexneriSA 1 00 strain, and all have a single gene 
mutation due to a Tn5 transposon insertion. The genotypes 
tested included LPS 0-antigen synthesis {rfbF), membrane 
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Table 1 



Assessment of pathogenicity of bacterial mutants 


Strain 


Sereny score*' 


SurvivaP (%) 


wt 


10.2 


ND 


ipaC 


0.5 


100 


icsA 


0.6 


20 


vpsC 


1.8 


0 


ispA 


0.5 


40 


rfbF 


0.1 


60 


dsbA 


ND 


20 


dapB 


ND 


0 



*For the Sereny test, 2.5 |xl of a bacterial suspension (6 x 10^ CFU) 
was dripped into one eye; and 2.5 |xl of saline, as a control, into the other 
eye. The mice were observed twice a day for 3 days {n ~ 5 mice per 
group). The severity of inflammation was scored from 0 to 4 points at each 
observation: 0 (no inflammation): similar to the negative saline control; 1 
(a little inflammation): normal eyelid^ wet eye, and blinking frequently; 2 
(weak inflammation): wet eye, thick and yellow eyelid, and often closed; 3 
(medium inflammation): very thick eyelid, dirty and swollen eye, watery, 
and usually closed; 4 (strong inflammation): swollen eye, full of secretion, 
closed all the time, heavy and dirty eyelid. The scores were determined 
at 4.5, 22, 28.5, 45.5, 52.5, and 72 h, and cumulative values are shown. 

^For survival after i.n. instillation of 1 x 10^ CFU of bacteria values 
shown indicate endpoint survival {n = 5 mice per group). 



formation (vpsQ, cell division (ispA), mammalian actin 
polymerization (icsA) [10,11], cell wall synthesis (dapB) 
[12], and protein folding (dsbA) [20], The pathogenicity of 
the mutant cells was compared after transformation with 
pCMVH.gag, an HIV-1 SF2 gag DNA vaccine. The rfbF 
(pCMVH.gag) cells were found the least reactogenic in 
the mouse Sereny test [ 1 9,2 1 ], as no inflammation was ob- 
served for any of the five mice (Table 1). In comparison, 
an acute inflammation of varying degrees was caused by 
other mutants starting from the first day. Of note, the ipaC 
mutant, though potentially noninfectious in human because 
of its noninvasive nature [22], caused a detectable inflam- 
mation in four of five mice on the first day. Pathogenicity 
was also assessed with a mouse pulmonary infection model 
[20.23]. The r/bF mutant was again found highly attenuated 
with 60% of the mice surviving in the bacterial infection 
(Table 1). 

A second criterion for selection was Gag protein ex- 
pression in infected cells. As shown in Table 2, human 
intestinal epithelial cells (Henle), and mouse bone marrow 
derived macrophage and dendritic cells were all found to 
express Gag within 48 hours after infection with the r/fcF re- 
combinant carrying pCMVH.gag. The rAF (pCMVH.gag) 
bacteria alone, without invasion into mammalian cells, ex- 
pressed a low amount of Gag protein (Tabje 2), suggesting 
that pCMVH.gag contains a sequence upstream of the gag 
gene driving protein expression in the prokaryotic cells. 
In order to determine the contribution of Gag expressed 
by the rfbF (pCMVH.gag) cells in immunogenicity stud- 
ies, we made a control plasmid (pNS.gag) in which the 
protein was expressed solely by a prokaryotic expression 
system. 



Table 2 



Gag protein expression 



Samples 


Invasion rate 


p24 (pg) 


Henle cells 


40% (moi. 2:1) 


800 (supernatant) 






50 (lysate) 


Macrophage 


80% (moi, 2:1) 


31.6 (total) 


Dendritic cells 


30% (moi, 0.75:1) 


358 (total) 


r/&F (pCMVH.gag) 


NA 


5 


r/&F(pNS.gag) 


NA 


10 



Shigella rfbF (pCMVH.gag) cells were used to infect three mammalian 
cells (Henle, macrophage and dendritic cells) at difTerent multiplicity of 
infection (moi) to obtain high p24 Gag protein expression with limited 
cell lysis. Invasion rate was defined as the percent of the input mammalian 
cells infected with at least three bacteria by microscopic detection (see 
[10]). The input bacteria (3x10^ CFU) were sedimented onto mammalian 
cells seeded in a 24-well plate. Expression of p24 Gag protein was 
assayed by ELISA 48 h after bacterial invasion. For comparison. Shigella 
r/&F cells (carrying pCMVH.gag or pNS.gag) were cultured without the 
presence of mammalian cells and collected at late log phase of growth. 
The data represent the averages of three experiments. 

3.2. Immunogenicity of recombinant Sh\%Q\\2i carrier 

Gag-specific T-cell responses were induced in mice by 
a single i.n. immunization of live r/&F (pCMVH.gag) cells 
(Table 3). Responses were detected in spleen and lung, as 
measured by production of INF7 in vitro upon the stimula- 
tion of cells with the CD8-restricted H2-k** Gag peptide p7g. 
Little or no responses were seen in mice immunized with 
live r^Fcells expressing Gag driven by the prokaryotic pro- 
moter (pNS.gag). Therefore, the immune responses elicited 
by rfbF (pCMVH.gag) cells were the result of transfer of 
the pCMVH.gag plasmid into cells of the host animal. The 
magnitude of the CDS"*" T-cell response was similar to that 
in mice immunized by i.m. injection of 1-10 ng of naked 
DNA. Of note, the estimated amount of the pCMVH.^a^ 
DNA present in the inoculated r/&F (pCMVH.gag) cells was 
approximately 1-1 0 ng, indicating similar potency of the two 
vaccines. 



Table 3 

CD8+ T-cell responses 



Vaccine 


Secreted IFN-7 
Spleen 


Lung 


Satine 


0 


10 


r/&F (pNS.gag) 


0 


12 


r/&F(pCMVH.gag) 


672 


832 


DNAO.lng 


0 


0 


DNA 1 ng 


0 


0 


DNA lOng 


222 


2217 


DNA lOOng 


1778 


2635 



Mice were i.n. immunized once with 1x10^ CFU Shigella rfbF cells 
(carrying pCMVH.gag or pNS.gag) or i.m. with gag DNA. Three weeks 
after immunization, the animals were i.n. challenged with rVV gag-pol 
and 5 days later spleen and lung cells were stimulated in vitro with HIV 
p7g peptide. The data shown represent the amount of specific IFN-7 
production (pg/ml/1 x 10^ spleen or lung cells), measured by ELISA, 
from the supematants of the cultured cells. 
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Table 4 



Effect of boosting with Shigella 



Vaccine 


Secreted IFN-7 






Spleen 


Lung 


Saline 


0 


10 


gag DNA 


852 


0 


gag DNA X gag DNA 


5782 


509 


^a^DNA X r^F(pCMVH.gag) 


5527 


2870 



Mice were i.m. immunized with 0.1 ng DNA followed by no treatment, 
boosting i.n. with 1x10^ CFU Shigella cells (carrying pCMVH.gag). or 
boosting with i.m. 0.1 ng DNA. The animals were i.p. challenged with 
rVV gag-pol 3 weeks later and the tissue samples were assayed 5 days 
after challenge according to the aforementioned methods. The data shown 
represent average IFN-7 production of two assays (pg/ml/1 x 10^' spleen 
or lung cells), as measured by ELISA from culture supematants. 

Immunization with different vaccine modalities in a 
prime-boost regimen has been tested using various live vec- 
tor systems (for review see [24]). Here, we tested the boost- 
ing potency of Shigella rfbF cells (carrying pCMVH.gag) 
in mice primed with ^a^DNA. We found that the Shigella 
carrier could boost the existing immune response with a 
potency similar to naked DNA ( Table 4). A potential advan- 
tage of i.n. administration of the Shigella carrier is the in- 
duction and boosting of local immune responses in the lung. 
Indeed, the lung responses were approximately six-fold 
higher in mice boosted i.n. with Shigella versus i.m. with 
DNA. 

3,3. Summary 

The use of recombinant bacteria as protein antigen car- 
riers has been described for many years, because of their 
potential advantages of low cost of commercial production 
as vaccines and of their high adjuvant activity. Two poten- 
tial drawbacks are (i) achieving a balance between a high 
level of antigen expression and the associated toxicity of 
it in the bacterial hosts and (ii) proteins made in bacteria 
are often different from proteins made in mammalian cells. 
This is particularly true for expression of viral antigens. Us- 
ing recombinant bacteria to deliver plasmid DNA vaccines 
has the potential to overcome these drawbacks. The results 
presented here and elsewhere [3,8,9.17,25.26] demonstrate 
that such vectors can be effective for DNA vaccine delivery 
for induction of systemic and local immune responses, thus 
hold promise as recombinant vaccines. 
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A major challenge for the next generation of human immunodeficiency virus (HIV) vaccines is the induction 
of potent, broad, and durable cellular immune responses. The structural protein Gag is highly conserved 
among the HIV type 1 (HIV-1) gene products and is believed to be an important target for the host cell- 
mediated immune control of the virus during natural infection. Expression of Gag proteins for vaccines has 
been hampered by the fact that its expression is dependent on the HTV Rev protein and the Rev-responsive 
element, the latter located on the env transcript. Moreover, the HIV genome employs suboptimal codon usage, 
v^hich further contributes to the low expression efficiency of viral proteins. In order to achieve high-level 
Rev-independent expression of the Gag protein, the sequences encoding HIV-1 jjf2 p55^"^ were modified 
extensively. First, the viral codons were changed to conform to the codon usage of highly expressed human 
genes, and second, the residual inhibitory sequences were removed. The resulting modified gag gene showed 
increases in p55^"^ protein expression to levels that ranged from 322- to 966-fold greater than that for the 
native gene after transient expression of 293 cells. Additional constructs that contained the modified gag in 
combination with modified protease coding sequences were made, and these showed high-level Rev-independent 
expression of p55^"^ and its cleavage products. Density gradient analysis and electron microscopy further 
demonstrated that the modified gag and gagprotease genes efficiently expressed particles with the density and 
morphology expected for HIV virus-like particles. Mice immunized with DNA plasmids containing the modified 
gag showed Gag-specific antibody and CD8"^ cytotoxic T-iymphocyte (CTL) responses that were inducible at 
doses of input DNA 100-fold lower than those associated with plasmids containing the native gag gene. Most 
importantly, four of four rhesus monkeys that received two or three immunizations with modified gag plasmid 
DNA demonstrated substantial Gag-specific CTL responses. These results highlight the useful application of 
modified gag expression cassettes for increasing the potenq^ of DNA and other gene delivery vaccine ap- 
proaches against HIV. 



The induction of long- lasting, potent humoral and cellular 
immune responses will be important for an effective human 
immunodeficiency virus (HIV) vaccine. Data from HIV-in- 
fected patients, and in particular from long-term nonprogres- 
sors, have shown that viral structural genes can elicit substan- 
tial immune responses. Gag-specific CD8"*" cytotoxic T 
lymphocytes (CTL) have been shown to be important in con- 
trolling virus load during acute infection (4, 21) as well as 
during the asymptomatic stages of the infection (20, 24). More- 
over, a strong Gag-specific CTL response appears to correlate 
inversely with the viral load of HIV-1 -infected patients (7). In 
addition, studies of exposed but uninfected prostitutes indicate 
that Gag-specific CTL may be involved in protection against 
the establishment of a persistent HIV type 1 (HIV-1) infection 
(28), Combined, these studies provide convincing evidence 
that immune responses directed against HTV Gag proteins may 
be an important component of an effective HIV vaccine. The 
usefulness of Gag immunogens for vaccines is further indicated 
by the fact that the protein is relatively conserved among di- 
verse HIV strains and subtypes, and cross-clade CTL recogni- 
tion directed against Gag-specific targets has been well docu- 
mented (2, 3, n, 23). 

Immunization with naked DNA or recombinant virus in- 
duces both antibody and CTL responses and has been shown to 
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be an efficient method of eliciting protective immune re- 
sponses against a broad range of pathogens in animal studies 
(10). However, the potency of current gene delivery methods 
such as naked-DNA and viral vectors must be improved lo 
induce adequately robust responses for protection in primates 
(1). One means to achieve this may be through increasing the 
expression efficiency of encoded HIV antigens. The poor ex- 
pression of the HIV structural genes in recombinant vectors is 
caused by a strong Rev dependency that allows efficient ex- 
pression only in the presence of the viral Rev protein (25, 30). 
The translation efficiency and stability of gag transcripts are 
further decreased by the presence of a relatively high AU 
content and destabilizing AUUUA motifs (inhibitory se- 
quences [INS]). In previous studies, inactivation of these INS 
enabled the Rev-independent expression of HIV-1 gag (29), 
but these modifications reduced the approximate AT content 
of the gag gene only from 56 to 50%. Elevated percentages of 
AU in human mRNAs have been shown to result in instability, 
increased turnover, and low expression levels (15). These find- 
ings suggest that further reductions of the AT content of the 
gag gene could result in improved mRNA stability and in- 
creased protein expression. In support of this, it has been 
shown that highly expressed human genes employ codon usage 
patterns different from those used by HIV genomes. For highly 
expressed genes, G or C is generally preferred over A or T. 
Furthermore, changes in the codon usage of HIV-1 env to 
those employed by highly expressed human codons resulted in 
increased Rev-independent expression (14). 
In order to achieve high-level Rev-independent expression 
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of the gag gene of HIV-lj;p2, the codon usage pattern was first 
altered to conform to that used by highly expressed human 
genes (14). Further modifications were then made to remove 
possible residual INS motifs previously identified in thogag 
coding region (29), This resulted in lowering the AT content 
of the gag coding sequences from 56 to 32%, a level more 
consistent with increased mRNA stability and translation effi- 
ciency. The sequence-modified HIV-lsp2^^^ gs"^ was inserted 
into a high-level plasmid expression vector for in vitro trans- 
fections and DNA immunization studies with rodents and 
nonhuman primates. Results presented here indicate that 
sequence-modified gag plasmids expressed protein at dra- 
matically higher levels and showed increased immunogenicity 
compared to the native gag sequence in DNA immunization 
experiments performed with mice and rhesus macaques. Ad- 
ditionally, the inclusion of modified protease-coding sequences 
in the modified gag resulted in high-level Rev-independent 
expression, processing of the Gagpro tease polyprotein, and the 
production of virus-like particles (VLP) with the morphologies 
of both immature and mature HIV-1 virions. 

MATERIALS AND METHODS 

gag and gagprotease plasmids. The native sequences coding for the 502 amino 
acids (aa) of inV-l.si,-2 p55°^8 (GenBank accession no. Kfl2007) were modified 
to change the codon usage to that utiiizcd by highly expressed human genes as 

described recenlly fur gp^20 (14), In addiliun, regions with INS were 

further inactivated without altering the reading frame for the pSS*^'"*^ nucleic acid 
sequence. The resulting modified HTV-l5;p2S^^ encoded a p55""^ prniein with 
three amino acid changes (Asn377Thr, IIc403Thr, and Lys405Arg); the resulting 
amino acid sequence conformed to the sequences for other inV-1 subtype B 
Gag proteins in the HIV sequence database (Los Alamos National Laboratory; 
h I tp;//hiv-web. I anl.gov/cgi -hi n/hivT)B3/public/wdb/ssampublic) (GenBank acces- 
sion no. AF201927). To further enhance the translation efficiency of the modified 
gag, an optimal consensus sequence for the initiation of translation (GCCACC 
AUGG) was employed (22). The resulting 1,527-bp gene cassette included the 
Saf\ and EcoRX cloning sites and was constructed .synthetically by the Midland 
Certified Reagent Company (Midland, Tex.). This modified gag sequence was 
cloned into the Sal] and EcoR] restriction sites of the eukaryolic expression 
vector pCMVKm2 that employs the cytomegalovirus (CTVTV) immediate-early en- 
hancer/promoter and bGTI terminator (Chiron Corporation, Emeryville, Calif.) 
(6), resulting in the plasmid pCMVKm2.GagMod.SF2. For the comparison of 
expression cllicicncies between the modified and the native HIV-1 j;f3 S^S 
pression cassettes, three different vectors containing the native pSS^"^^ coding .se- 
quence were used, pCMV6ap55GagPRE, pCMVKm2p55GagPRE, and 
pCMVLinkPREp55Gag (Chiron). The pCMVLink plasmid ditfers from pCM- 
VKm2 only in its multiple cloning site. All of these use the CMV immediate-early 
enhancer/promoter and include the hepatitis B virus posttranscriptional regula- 
tory element (PRE) (9, 1<>-18) to partially overcome the Rev dependency of gag. 
This was demonstrated by transfection experiments using the native inV-lspj 
gag gene with and without PRE, The expression of p55^'"^ was clearly improved 
using PRE over that using the gag gene only (S. W. Bamett, unpublished data). 

For the construction of the gagprotease expression cassettes, modifications 
were made in the same manner as that described for^ag up to the -1 framcshift 
region of ihc pol gene. The sequence from there to tht^gag gene's stop codon was 
unaltered. The sequences from the gag stop codon to the codons for first 26 aa 
of the reverse transcriptase were codons either optimized with subsequent 
INS inactivation as described above (GPl; GenBank accession no. AF202464) 
or modified by INS inactivation alone (GP2; GenBank accession no. AF202465). 
Both versions of the gagprotease cassette were cloned into the pCMVKml 
vector as described above for the modified gag to yield the plasmids pCMVKmZ. 
GagProtMod.SF2 (GPl) and pCMVKm2.GagProtMod.SF2 (GP2). 

In vitro expression assays. Plasmid DNA was purified using endotoxin-free 
columns (Qiagen, Valencia, Calif.). African green monkey kidney (COS-7; Eu- 
ropean Culture Collections Organization no. 87021.302), human kidney (293; 
American Type Tissue Collection [ATCC; Atlanta. Ga.] no. 45504), and human 
rhabdomyosarcoma (RD; ATCC no. CCL-136) cells were plated 1 day prior to 
transfection at a density of 5 x 10^ cells per 35-mm-diamelcr well (Coming). For 
the transfcctions, 2 p.g of each plasmid DNA was muted with the Minis TranslT- 
LTl polyamine transfection reagent (Pan Vera, Madison, Wis.). The green (lu- 
orescenl protein (GFP) reporter gene vector pEGFP (Gontech, Palo Alio, 
Calif.) was used as a transfection efficiency control in co- and parallel transfcc- 
tions. The cells were incubated with 2 ml of medium per well (for 293 cells, 
Iscove's modified Dulbeceo's medium, 10% fetal calf serum jFCS]; for COS-7 
and RD cells, T:)ulbecco's modified Eagle medium, 10% FCS; Gibco, Rockville, 
Md.). To estimate the transfection efficiency, CrFP-exjiressing cells were analyzed 
quantitatively by How cytometry (Becton Dickinson Immunocytomctry Systems, 



San Jose, Calif.) and directly counted under a fluorescence microscope. Super- 
natanls were harvested 24, 48, and 60 h post transfection and filtered through 
0.45-}xm-pore-size syringe filters (Pall Corp., Aim Arbor, Mich.). Cells were 
harvested 60 h posttransfeclion, washed twice in phosphatc-bu^^cred saline 
(PBS) and then lysed on ice in 40 \l\ of buffer containing 1% NP-40 (Sigma, St. 
Louis, Mo.) and 0.1 M Tris-HCl, pTI 7.5. Cell lysates were subsequently clarified 
by centriiugalion in an Eppendorf microcentrifuge at 4°C for 10 min to remove 
cellular debris. The quantitation of Gag p24 protein in cell supernatanls and 
lysates was performed using the p24 antigen capture cn/>'me-linkcd immunosor- 
bent as.say (ELISA) (Coulter Corporation, Miami, Fla.). For immunoblot anal- 
ysis, samples were cicctrophorcscd through sodium dodccyl sulfate (SDS)-8 to 
10% polyacrylamidc gels (Novex, San Diego, C^lif.) and then transferred on(o 
Immobilon P membranes (Millipore, Bedford, Mass.). A preslained broad-range 
molecular weight marker (Bin-Rad, Hercules, Calif.) and the HIV-1 p24 protein 
(Chiron) were used as size standards. Membranes were then incubated with 
HIV-1 patient serum or mouse anti-p24 monoclonal antibody (MAb) 76C.5EG 
(CThiron) (31). Reactive bands were visualized using Sigma Fast 3,3'-diamino- 
benzidine substrate as described by the manufacturer. 

Sucrose density gradients. Supernaiants from transfecled 293 and COS-7 cells 
were collected at 24 and 48 h posltransleeliun, filtered through a {).2-jim-pore- 
size filler, and concentrated bv ultracenlrilugation through a 20% (wlAvt) sucrose 
cushion for 2 h at 140.000 x'^ (24,000 rpm) using a Beckman SW28 rotor. The 
pellets were then suspended in PBS, loaded on a 20 to 60% sucrose gradient, and 
ccntrifugcd at 285,000 x g (40,000 rpm) for 2 h in a Beckman SW41 ti rotor. Each 
gradient was fractionated into 1-ml aliquots, and 10-|jl1 aliquots of each fraction 
were electrophoresed on an SDS-8 to 16% polyacrylamidc gel electrophoresis 
gel (Novex). In addition, 2.5 |xl of the concentrated gradient preload material was 
also analyzed. The proteins were then transferred to Immobilon P membranes 
(Millipore) and probed with mouse anti-p24 MAb 76C.5EG at a dilution of 
l:2,fJ00. 

Electron microscopy. COS-7 or 293 cells (4 X 10^) were transfected in 100- 
mm-diameter dishes (Coming), and cells were harvested at 24 or 48 h posltrans- 
fection. Cells transfected with vector DNA alone served as negative controls. 
Afler two washes with PBS the cells were fixed in 2% glutaraldehyde (Sigma), 
incubated for 20 min at room temperature, gently scraped from the plate, and 
transferred into a 15-ml polypropylene tube. The fixed cells were then stained 
with uranium acetate and lead citrate. Electron microscopy was carried out using 
a transmission electron microscope (Zeiss; 10c) at x 50,000 and x 100,000 mag- 
nifications. 

Animal studies. Female BALB/c and CB6F1 mice, 6 to 8 weeks old, were used 
for immunogenicity studies. For the first experiment (Fig. 5), four groups 
of BALB/c mice {n = 4) were immunized with cither modified gag plasmid 
DNA (pCMVKm2.GagMod.SF2) or the native gag plasmid DNA (pCMV 
Link.Gag.vSF2.PRE). Tlie plasmid DNA doses for the different groups were 20, 
2, 0.2, and 0.02 p,g in 100 ^,1 of sterile endotoxin-free saline (Sigma). pCMVKm2 
vector DNA was used to maintain the total concentration of DNA in each dose 
at 20 |ig/lt)U |j.l to etmtrol lor effects due to the lower umcentration of plasmid 
DNA (2-, 0.2-, and 0.02- jxg doses). For experiments 2 and 3 shown in Fig. 6 and 
7, ihe mouse strain employed was CB6F1. For experiment 3, plasmid DNA doses 
were further diluted to include doses as low as 0.0002 lULg. 

For the DNA immunization study with rhesus monkeys {Macaco mulatta), four 
animals were immunized bilaterally in the quadriceps muscles with I-mg doses of 
pCMVKm2.GagMod.SF2 plasmid DNA in saline at weeks 0, 4, and 8 and bled 
at weeks 0, 4, 6, 8, and 10. Animals were maintained at the Southwest Foundation 
for Biomedical Research (San Antonio, Tex.). 

Measurements of antibody responses. Ninety-six-wcll plates (Corning) were 
coated with 100 |xl of recombinant IIIV-lsp2 p24 antigen at a concentration of 2 
\ig per ml in 50 mM borate buffer, pH 9. Sera were diluted 1:25, followed by 
threelbld serial dilutions in dilution buller umlaining \% casein as the blocking 
reagent. Pooled anti-p24 antibody-positive mouse sera served as both a pcjsilive 
control and an assay standard. The sera were incubated for 50 min at 37X', 
washed, and incubated with a 1:22,000 dilution of goat anli-mouse immunoglob- 
ulin G (IgG)-IgM peroxidase conjugate (Pierce, Rockford, 111.) lor an additional 
50 min at 37'*C. After the plates were washed, the tetramethylbenzone substrate 
(Pierce) was added to each well, and the reaction was stopped after 30 min by the 
addition of 2 N H2SO4. The plates were read on an ELISA reader (31 2e; 
Bio-Tck, Winooski, Vl.) at 450 nm with a reference wavelength of 620 iim. The 
calculated tilers arc the reciprocal of the dilution of serum at a culofl optical 
density of 0.4. 

Recombinant vaccinia virus challenge of immunized mice. The recombinant 
vaccinia virus containing the HIV-1 ^nd pol genes (rWgag-pol) has been 
described previously (8). Nine (experiment 2, Fig. 6) and 5 (experiment 3, Fig. 7) 
weeks following gag DNA immunization, mice were challenged with an intra- 
peritoneal injection of 10^ PFU of xWgag-pol. Five days later spleens were 
harvested and tested directly for cytolytic activity against Gag peptide-pulsed, 
^^Cr-labeled tumor target cells or were stimulated with Gag peptide and then 
stained for intracellular gamma interferon (IFN'-v), as described below. This 
rVVgag-pol chalicngc model provides a quantitative measure of CDS* T-cell 
function (G. Ottcn, unpublished data). 

CTL assays. Spleen cells were tested for cytolytic activity in a 4-h ^'Cr release 
assay using ^^Cr-labclcd SVBALB (1 1-2**) or RMA (11-2^) tumor target cells 
(5,000 targets per well) that had been pulsed for 1 h with a 1-p.g/ml concentration 
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FIG. 1. Comparison of the percentages of A and T nucleotides In genes encoding relatively unstable versus stable mRNA molecules. The human IFN-7 gene and 
the native HIV-lsp^^^^ DUA sequences both encode relatively unstable transcripts (A and B) and have an average AT content of 55 to 60%. In contrast, the stable 
human GAPDH gene and the modified HlV-ljjpaga^ coding regions have reduced AT wntcnis of 40 and 30%, respectively (C and D). The calculation of the AT 
content was done using Mac Vector software (Oxford Molecular Ltd.); the window size was set at 50. 



of the I?-2K'^-hinding ITTV-1 Gag peptide p7g (8) or the control IITV-1 Gag 
peptide pgag'' (12, 26). After 4 h of incubation, 50 \l\ of culture supernatants was 
transferred to Lumaplates (Packard, Meriden, Conn.), dried, and counted in a 
Microbeta scintillation counter (Wallac, Gaithersburg, Md.). Percent specific 
^'Cr release was determined from the formula percent specific ^^Cr release = 
(mean experimental release — mean spontaneous rclease)/(maximum release — 
spontaneous release) x 100%, where spontaneous release = mean counts per 
minute released from target cells in the absence of spleen cells and maximum 
release = mean counts per minute released from target cells in the presence of 
0.1% Triton X-100. 

Measurement of Gag-specific IFN-7-producing CDS"*" lymphocytes. Spleens 
were taken 5 days posl-rVV^ag-po/ challenge. Erylhrocyie-dcplctcd single cell 
suspensions were prepared by treatment with Tris-buffered NII4CI (Sigma). 
Nucleated spleen cells (1 X 10*^ to 2 X 10^) were cultured in duplicate at '^TC in 
the presence or absence of 10 |jLg of p7g peplide/ml. Moncnsin (Pharmingen, San 
Diego, Calif.) was added to block cytokine secretion. After 3 to 5 h cells were 
washed, incubated with anti-CD 16/32 (Pharmingen) to block FC7 receptors, and 
fixed in 2% (wt/vol) paraformaldehyde and stored overnight at 4'C, The follow- 
ing day cells were treated with 0.5% (wt/vol) saponin (Sigma) and tlien incubated 
with a phycoerythrin (Pharmingen)-conjugated mouse IFN-7 MAb in the pres- 
ence of 0.1% (wt/vol) saponin. Cells were then washed free of saponin, stained 
with fluorescein isotliiocyanate-conjugated CD8 MAb (Pharmingen), washed, 
and then analyzed on a FACSCalibur flow cytometer (Becton Dickinson Immu- 
nocytomelry Systems). Samples were cultured and stained in duplicate. 

Peptide pools. A set of 51 Gag peptides 20 residues long, overlapping by 10 aa 
and spanning residues 1 to 496 of H1V-1sf2 pSS^''^, was synthesized (Chiron 
Mimotopes, Clayton, Australia). Eight pools were made by mixing 5 to 7 over- 
lapping peptides. Gag amino acid sequences spanned by the pools were as 
follows: aa 1 to 80, pool 1; aa 71 to 144, pool 2; aa 13.5 to 203, pool 3; aa 194 to 
263. pool 4; aa 254 to 323, pool 5; aa 314 to 365, pool 6; aa 351 to 430, pool 7; 
aa 421 lo 496, pool 8. A pool of six 20-aa overlapping peptides representing 
HTV-ls|.-2 Env served as a negative-control pool. 

Purification of rhesus macaque PBMC and derivation of B-LCL. Rhesus 
macaque peripheral blood mononuclear cells (PBMC) were separated from 
heparinized whole blood on Percoll Gradients (5) and cultured at 3 x 10*^' to 3.5 X 
10** per well in 1.5 ml in 24-well plates for 8 days in ATM-V-RPMT 1640 (50:50) 
culture medium (Gibco) supplemented with 10% FCS. Gag-spcclfic cells were 
stimulated by the addition of either a Gag peptide pool (13.3 |jLg o! total peptide/ 
ml) or autologous PBMC that had been infected with TWgag-pol and cultured 
in 24-well plates. Rec{^mbinant human interleukin-7 (IL-7; 15 ng/ml; R&D »Sys- 
tcms, Minneapolis, Minn.) was added at the initiation of culture. Human recom- 
binant IL-2 (20 lU/ml; Proleukin; Chiron) was added on days 1, 3. and 6, For the 
derivation of stable rhesus B-lymphoblastoid cell lines (B-LCL), PBMC were 
exposed to herpe-svinis papio-containing culture supernatant from the S594 cell 
line (13, 27) in the presence of 1 jig of cydosporinc (Sigma)/ml. 

Rhesus macaque CTL assay. Autologous B-LCL were labeled overnight with 
Na2-''*Cr04 (NEN, Boston, Mass.; 25 ^xCi per 10^ B-LCL) and washed. Individual 
aliquots were then incubated for 1 h with 100 ng of Gag or Env peptide pool/ml. 
Pcptidc-pulscd, -'^'Cr-labclcd B-LCL were added (2,500 per round-bottom well) 
lo duplicate wells containing threefold serial dilutions of cultured PBMC. Un- 
labeled B cells (10^) were added to each well to inhibit nonspecific cytolysis. 
After 4 h, 50 p,l of culture supernatant was harvested, added to Lumaplates 
(Packard), and counted with a Microbeta 1450 liquid scintillation counter (Wai- 



lac). ^*Cr released from lysed targets was normalized by the formula percent 
specific ^'Cr release = 100% x (mean experimental release - mean spontane- 
ous release)/(maximum release - spontaneous release), where spontaneous re- 
lease = mean counts per minute released from target cells in the absence of 
spleen cells and maximum release = mean c<iunls per minute released from 
target cells in the presence of 0.1% Triton X-100. Data arc plotted as percent 
specific ^'Cr release versus the culture fraction, where the culture fraction rep- 
resents the fraction of the culture well (1.5 ml) added lo the CTL assay microliter 
plate, e.g., a culture fracticm of 0.067 ecjuals 1/15 or 0,1 ml (if the initial PBMC 
culture. Serial threefold dilutions of the cultured PBMC were made. In separate 
experiments, where we have counted the cells recovered from cultures, we have 
determined the maximal effector cell/Largct cell ratios lo be about 40:1 lo 100:1, 

RESULTS 

Increased in vitro expression eflficiency of sequence-modified 
HIV-lsF2^og gene. The coding sequences for the ¥llV-l^y2§<^S 
gene were modified to conform to the codon usage pattern of 
highly expressed human genes and to eliminate residual INS 
motifs as described in Materials and Methods. These modifi- 
cations resulted in gag coding sequences with a clear reduction 
in overall AT content compared to that of the native g^7g (Fig. 
1). In fact, the percentage of A and T nucleotides was reduced 
from 56 to 32%, a level more consistent with increased mRNA 
stability and translation efficiency (14, 15). The AT content of 
the modified gag more closely resembled that of the human 
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) gene, 
which encodes a relatively stable mRNA compared with the 
relatively unstable AU-rich human IFN-7 mRNA (Fig, 1). 

The in vitro expression efficiency of the modified HIV-lsp2 
gag (pCMVKm2.GagMod.SF2) was compared to that of the 
native SF2gflg in a construct (pCMVLink.Gag.SF2.PRE) that 
also contained the hepatitis B virus PRE. The pCMVLink. 
Gag.SF2.PRE plasmid previously had been found to express 
Gag at substantially higher levels than a similar plasmid con- 
taining the HIV-lsp2-<^^^''vedgag gene without the PRE (S. W. 
Barnett, unpublished data). The expression levels for these 
plasmids were determined in several independent experiments 
after transfection of three different cell lines, RD, 293, and 
COS-7 (Table 1). Cell supernatants and lysates were tested at 
48 and 60 h posttransfection. Gag expression levels were 
clearly much higher for the modified gag plasmid at all time 
points and in all three cell lines tested. The increased expres- 
sion was most dramatic in the supernatants of the transfected 
human 293 cell line, where expression from the modified gag 
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TABLE i. Increased in vitro expression from modified versus 
native ga^ plasmids in supernatants and lysates from transiently 

iransfected cells 



ment' 


plasmid'' 


M (lie rial 

assayed^ 


Cell line 


I'lours posl- 
tran.sfeclion 


T()l}il ng p24 
(fold increase) 


1 


Nat 


Sup 


293 


48 


3.4 




Mod 


Sup 


293 


48 


1,260 (371) 




Nat 


Sup 


293 


60 


3.2 




ivloa 


Sup 








2 


Nat 


Sup 


293 


60 


L8 




Mod 


Sup 


293 


60 


1,740 (966) 


3 


Nat 


Sup 


293 


60 


1.8 




Mod 


Sup 


293 


60 


580 (322) 


4 


Nat 


Lys 


293 


60 


1.5 




Mod 


Lys 


293 


60 


85 (57) 


1 


Nat 


Sup 


RD 


48 


5.6 




Mod 


Sup 


RD 


48 


66 (12) 




Nat 


Sup 


RD 


60 


7.8 




Mod 


Sup 


RD 


60 


70,2 (9) 


2 


Nat 


Lys 


RD 


60 


1.9 




Mod 


Lys 


RD 


60 


7.8(4) 


1 


Nat 


Sup 


COS-7 


48 


0.4 




Mod 


Sup 


COS-7 


48 


33.4 (84) 


2 


Nat 


Sup 


COS-7 


48 


0.4 




Mod 


Sup 


COS-7 


48 


10 (25) 




Nat 


Lys 


COS-7 


48 


3 




Mod 


Lys 


COS-7 


48 


14(5) 



"Nat, native (pCMVUnk.Gag.SF2.PRE): Mod, modified (pCMVKralGag- 
Mod.SF2). 
^ Sup, supernatant; Lys, lysale. 



was 322- to 966-fold greater than that of the native HIV-ljjp2 
gag plasmid tested. The improvement in Gag expression levels 
in 293 ceil lysates was also apparent, but less so than in the 
supernatants, which could be indicative of more-efificient bud- 
ding of p55^"*^ particles in cells where expression levels are 
elevated. To exclude possible effects on the transfection effi- 
ciency depending on the plasmid used, flow cytometry and 
direct fluorescence microscope analysis were done in parallel 
transfections or by cotransfection using GFP plasmid DNA. 
On average, 70% of the cells were transfected using either 
method with no differences in transfection efficiency between 
the native and modified gag plasmids noted (data not shown). 

The modified HIV-1sf2 gene encodes p55'^"« VLP of the 
expected density and morphology. Supernatants and cell ly- 
sates from transfected 293 ceils were subjected to immunoblot 
and density gradient sedimentation analysis. The results con- 
firmed the previous data from the p24 capture assay with 
respect to the relative level of p55 expression from the modi- 
fied gag plasmid. The expected p55^^^ band was detected using 
human HIV-1 patient serum (Fig. 2) or an anti-p24 MAb for 
the immunostaining (data not shown). Supernatants from 293 
cells transfected with the native and modified gag genes were 
subjected to rate zonal sedimentation to isolate pSS^'""^ parti- 
cles of the reported density (32). Gradient fractions were an- 
alyzed by p24 capture ELISA (data not shown) and Western 
blotting (Fig. 2A) to determine the peak fraction of each sam- 
ple. Western blot analysis showed that the pSS^"**^ band for the 
modified Gag expression cassette was stronger than that for 
the best native gag plasmid (Fig. 2B). 

To confirm that VLP were being expressed, COS-7 cells 
transfected with pCMVKm2.GagMod.SF2 were harvested at 
24 h posttransfection and electron microscopy was performed. 
As shown in Fig. 3 A, budding and free immature particles 
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FIG. 2. Increased expression in vitro of HIV-lsp2 p55''''" particles in cclLs 
transfected with the modified gene. 293 cells were transfected with plasmids 
containing either the modified or native HIV-1 spjga^ genes. Supernatants from 
transfected cell c-ullures were collected at 60 h posllranslection and cenlriluged 
through 20 to 60% suctosc density gradients. Gradient fractions were collected, 
run on an SDS-8 to 16% polyacryl amide gel, and analyzed by Western blotting 
as described in Materials and Methods. (A) Immunobiol of fractions 1 to 9 from 
the sucrose density gradient from transfection supernatants of the modified gag 
plasmid. (B) Immunoblot comparing peak fractions collected in the den.sity 
range expected for HIV-l VLP after transfection with modified (Mod) or native 
(Nat) HIV-lsp2^«^ plasmids. Vector alone (Ncg) was used as a negative trans- 
fection conlrui, and the preslained bruad-range molecular weight marker (M) 
was used as the size standard. 



could be observed. These data confirm that the sequence mod- 
ifications for the gag gene did not adversely affect the p55^^* 
particle assembly or VLP morphology. 

Construction and characterization of sequence-modified 
gagprotease gene cassettes. As a first step in the design of 
modified HIV immunogens with increased representation of 
Pol-specific epitopes, two different modified gagprotease gene 
constructs were evaluated for expression and VLP formation. 
The protease coding sequences in these constructs were (i) 
codon optimized, with subsequent INS inactivation as de- 
scribed above for g«g (GPl), or (ii) modified by INS inactiva- 
tion alone (GP2). Like the modified gag plasmid, in the ab- 
sence of Rev both versions of the modified gagprotease 
exhibited high-level expression of Gag proteins in supernatants 
and cell lysates of transiently transfected COS-7 and 293 cell 
lines (Table 2). In fact, the expression levels measured in 
lysates of 293 cells transfected with the gagprotease plasmids 
were higher than those seen with the modified gag alone. This 
result could be partially or wholly attributed to more-efficient 
recognition of processed Gag (mostly p24) than of unproc- 
essed p55^**^ by the Coulter p24 antigen capture assay, as has 
been previously described (29). This apparent increase in p24 
expression in cell lysates was not observed in COS-7 cells, 
possibly due to lower overall expression of pSS^^"*^ in this cell 
line. 

Sucrose density gradient analyses of supernatants from 293 
and COS-7 cells transiently transfected with c'lihcr gagjrotease 
or gag constructs were performed, and the peak fractions were 
subsequently analyzed by Western blotting. The efficiency of 
VLP formation varied between the cell lines tested and was 
found to be lower for gagprotease than for the modified gag 
plasmid (Fig. 4). The levels of VLP formation from the two 
gagprotease constructs in 293 cells were similar (Fig. 4A; GPl 
and GP2), but the analysis of the codon-optimized and INS- 
imctiv2iiQd gagprotease plasmid, GPl, in COS-7 cells suggested 
the production of relatively small amounts of VLP (Fig. 4B). 
Polyproteins expressed from both of the modified versions of 
gagprotease were correctly processed by the encoded viral pro- 
tease. Bands corresponding to unprocessed p55^^^ and com- 
pletely processed p24 were detectable using a MAb specific for 
p24 (data not shown) or HIV-1 patient serum (Fig. 4A and B) 
(pi 7 levels were too low to be detected with the HIV^ sera 
used). 
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FIG. 3. Modified gag and gagprotease form Vl-P in transiently transfected COS-7 cells. Shown arc eleetron micrographs of immature p55*^"» VLP in COS-7 cells 
transfected with the modified HIV-lsp2^«^ W mature (arrowsS) and immature VI^P obtained using the modified \W^-\s,^i gagprotease (GP2) (B). Transfected 
cells were fixed at 24 {gag) or 48 h {gagprotease) posttransfection and subsequently analyzed by electron microscopy as described in Materials and Methods 
(magnitication, x 100,000). Cells transfected with vector alone (pCMVKm2) served as the negative control (data not shown). 



Electron microscopic analysis of COS-7 cells transfected 
with the two different sequence-modified gagprotease con- 
structs confirmed the results of the sucrose gradient analysis. 
COS-7 cells transfected with the codon-optimized and INS- 
inactivated version (GPl) showed very little VLP formation 
(data not shown) compared to those transfected with the non- 
optimized INS-inactivated gagprotease (GP2; Fig. 3B). A pos- 
sible explanation for this observation is that codon optimiza- 
tion of the protease coding sequences may have resulted in its 
overexpression relative to Gag and the prevention of the effi- 
cient budding of particles (19). The GP2 version ol gagprotease, 
in which the INS of the pro tease-coding region was inactivated 
without codon optimization, reduced protease overexpression, 
and thus VLP of the mature and immature phenotypes could 
be detected. 

Increased immunogenicity of the modified gag DNA in vivo. 
To evaluate and compare the immunogenicities of the modi- 
fied and the native gag plasm ids, mice were immunized intra- 



TABLE 2. In vitro expression from modified gag and gagprotease 
plasmids in supernatants and lysates from transiently 

transfected cells 



muscularly with plasmid DNA doses titrated from 20 to 0.02 
|jLg per mouse. Serum was collected at 4 weeks postimmuniza- 
tion and tested in a p24*^''^-specific antibody ELISA. Antibody 
responses to Gag could be detected in mice immunized with as 
little as 0.2 ^.g of the modified gflg expression cassette, whereas 
the native g<7g cassette was able to induce an antibody response 
only at the 20-|xg DNA dose (Fig. 5A). This represented the 
induction of an antibody response using the modified gag at a 
single DNA dose 100 fold lower than that necessary for the 
native gag. In parallel groups of animals, a second dose of 
DNA was given at 4 weeks to determine if antibody responses 
to the modified gag had reached maximal values at the 20-)jLg 
dose and if the lowest DNA dose of 0.02 |xg could induce an 
antibody response after a second immunization. As shown in 
Fig. 5B, the Gag-specific antibody titers increased after the 
second immunizations for all DNA doses except for the 
0.02-fxg DNA dose group, which remained negative. 

Measurements of the cellular immune responses following 
DNA immunization with the modified gag demonstrated a 
similar pattern. Gag-specific CTL responses were inducible at 
DNA amounts at least 10-fold lower than those necessary with 



Plasmid" 


Material 
assayed^ 


Cell line 


Hours 
posttransfection 


Total 
ng p24* 


Gag 


Sup 


293 


60 


760 


GagProt (1) 


Sup 


293 


60 


380 


GagProt (2) 


Sup 


293 


60 


320 


Gag 


Lys 


293 


60 


78 


GagProt (1) 


Lys 


293 


60 


1,250 


GagProt (2) 


Lys 


293 


60 


400 


Gag 


Sup 


COS-7 


72 


40 


GagProt (1) 


Sup 


COS-7 


72 


150 


GagProt (2) 


Sup 


COS-7 


72 


290 


Gag 


Lys 


COS-7 


72 


60 


GagProt (1) 


Lys 


COS-7 


72 


63 


GagProt (2) 


Lys 


COS-7 


72 


58 



° Gag, pCMVKm2.GagMod.SF2; GagProt (1), pCMVKm2.GagProtMod.SF2 
(GPl) {gagprotease with codon optimization and inactivation of INS m protease); 
GagProt (2)» pCMVKm2.GagrrotMod.SF2 (GP2) (gagprotease with only inacti- 
vation of INS in protease). 

^ Sup, supernatant; Lys» lysate. 

'■' Representative results from three independent experimenLs for each cell line 
tested. 
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FIG. 4. Expression and processing of p55'^^® polyprotcins in VLP using mod- 
iiied inV-1 gagprotease. Supernatants from translecled cell cultures were col- 
lected at 60 h posttransfection and ccntrifugcd through 20 to 60% sucrose 
density gradients. Gradient fractions were cotlecled, and peak fractions were run 
on an SDS-8 to polyacrylamidc gel and analyzed by Western blotting using 
HIV-1 patient serum as described in Materials and Methods. (A) Peak fractions 
from 293 cells. Results for the modified gag (G) are compared to those for 
eodon-opLimized, INS-inactivated gagprotease (GPl) and for INS-inactiva ted- 
only gasprotease (GP2). (B) Immunobiot comparing peak fractions from trans- 
fected COS-7 cells using the same plasmids as those described fur panel A. 
Purified IllV-l^r ^ p24 (Chiron) and baculovirus-derivcd p55°** proteins were 
used as additional controls. Prestatned broad-range markers (Bio-Rad) were 
used as size standards (M). 
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FIG. 5. Increased immunogenicity of the mndified TITV-lsi.-2 gog pJasmid compared lo that of the native gag plasmid. Groups of mice were immunized bilaterally 
in the tibialis anterior muscles with titrated amounts of DNA in 30-fold dilutions from 20 |xg down to 0.002 ^,g. Sera were collected at 0 and 4 weeks and tested for 
HIV-1 p24-spcci(ic antibody tilers by EIJSA as described in Mtilerials and Methods. (A) Comparison of humoral immune responses at diflcrenl DNA doses using the 
native and modified gag plasmid DNA. Values represent the gcomelric mean antibody tilers and the standard deviations of the midpoint antibody titers for each group. 
The values in parentheses indicate the percentages of responders (percent serncnnversion) in each group. (B) Antibody responses were boosted following a second 
immunization with the modidcdgag plasmid DNA. Four weeks after the first immunization, additional groups of mice received a second immunisation with the same 
amount of titrated plasmid DNA. Sera collected at weeks 0, 4, and 6 were analyzed by p24 antibody ELISA. 



the native gag expression cassette (Fig. 6). Gag-specific CTL 
were detectable after a single immunization with a dose of the 
modified gag plasmid DNA as low as 0.02 |xg, whereas a dose 
of 0,2 ^ig of the native gag plasmid was required for the induc- 
tion of detectable CTL. In a subsequent study, the modifiedgag 
plasmid DNA was further diluted (down to 0.2 ng) and used to 
immunize additional groups of mice. As shown in Fig. 7, Gag- 
specific IFN-7-positive CDS"^ T cells were scored in mice re- 
ceiving as little as 2 ng of the modified gag DNA. 

Induction of CTL responses in rhesus macaques immunized 
with the modified gag plasmid. Based on the increased potency 



Native pSS gag DNA 



Modified pSS gag DNA 




0.02 ng 
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FIG. 6. CTL rcsponsCvS in CB6F1 mice after a single immunization with 
lilralcd plasmid DNA. Nine weeks alter immunizalion miee were ehallenged 
with an intraperitoneal dose of 10^ PFU of rVygag-poL Five days later elTeetor 
(E) spleen cells were tested for cytolytic activity in a 4-h ^^Cr release assay using 
^*Cr-labclcd SVBALB tumor target (T) cells (5,000 targets per well) that had 
been pulsed fur 1 h with a 1-p.g/ml cuncenlralion ol the H-2K*'-binding HIV-1 
Gag peptide p7g (A). Target cells pulsed with the negative-control HTV-1 Gag 
peptide pgag^ (□) and major histocompatibility complex-mismatched (TT-2''), 
p7g peptidc-pulscd RMA target cells (•) were employed as negative controls. 



observed in mouse immunizations with the modified gag plas- 
mid DNA, studies with nonhuman primates were initiated. 
Four rhesus macaques were given three intramuscular immu- 
nizations with 1-mg doses of gag plasmid at 4-week intervals. 
PBMC were harvested prior to immunization and at 2 weeks 
after the second and third immunizations. PBMC were cul- 
tured with Gag peptide pools or with rWgag-/?o/-infected au- 
tologous PBMC to stimulate the expansion and differentiation 
of CTL and tested against Gag peptide pool-pulsed, -**^Cr- 
labeled, autologous B-LCL targets in 4-h *' Cr release assays. 
No Gag-specific cytolysis in PBMC was observed prior to im- 
munization (not shown). However, after gag DNA immuniza- 
tion, all four macaques showed cytolytic activity against autol- 
ogous B-LCL pulsed with at least one Gag peptide pool. In 
addition, two of the four macaques reacted with two or three 
Gag peptide pools (Fig. 8). Percent specific lysis of Gag-pulsed 
target cells varied among animals and among pools and 
reached as high as 80% at the highest effector celi/target cell 
ratio (Fig, 8C). A Gag-specific antibody response (antibody 
titer, 164) was detected in one of the four animals 2 weeks after 
the second immunization. This animal also had an anamnestic 
immune response 2 weeks after the third immunization, with a 
fivefold increase of the antibody titer (890). A second animal 
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FIG. 7. Quantification of Gag-specific, IFN-7-producing CDS"*" T lympho- 
cytes in mice after a single immuni/atiun of titrated mudilicd gag plasmid UNA 
followed by rWgag-pol challenge. vSplenic TFN-7-po.sitive CD8^ T lymphocytes 
specific for the p7g Gag peptide were enumerated hy flow cytomerty as described 
in Materials and Methods, mock, results using spleen cells from naive mice. 
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FIG. 8. Cytolytic T cells from peripheral blood of four individual rhesus 
macaques immunized wth pCMVKm2.GagMod.vSF2. PBMC were isolated 2 
weeks after the second immunization (A and B) or 2 weeks after the third 
immunization (C and D). PBMC were cultured for 8 days in the presence of 
pools of synthetic Gag peptides (A and B) or with rWgfl^-jW)/-infccted PBMC (C 
and D). PBMC cultures were harvested and serially diluted as described in 
Materials and Methods, and Gag-specific cytolytic activity was assayed using 
autologous B-LCL target cells that had been pulsed with Gag peptide pools. (A) 
PBMC from rhesus macaque 63 stimulated with pool 1 and assayed on targets 
pulsed with pool 1 (•) or pool 5 (O), stimulated with pool 4 and assayed on 
targets pulsed with pool 4 (A) or pool 8 (A), and stimulated with pool 5 and 
assayed on targets pulsed with pool 5 (■) or pool 1 (□); (B) PBMC ft om rhesus 
macaque 68 stimulated with pool 4 and assayed on targets pulsed with pool 4 (•) 
or pool 8 (O); (C) PBMC from rhCsSus macaque 77 stimulated with xWgag-pol 
and assayed on targets pulsed with pool 1 (■), pool 5 (A), pool 8 (•), or an Env 
peptide pool (O); (D) PBMC from rhesus macacjue 78 stimulaled wilh rWgag- 
pol and assayed on targets pulsed wilh pool 2 {•) or an Env peptide pool (O). 



had a very low titer 2 weeks after the second immunization 
(65), which later dropped below the detection level. These 
results reflect the induction of robust and relatively broad CTL 
responses using the modified gag plasmid following DNA im- 
munization of nonhuman primates and warrant further study 
with these plasm ids. This contrasts with previous results in 
which weak and transient CTL responses were observed in 
only one of four macaques given seven immunizations with 
1-mg doses of the pCMVLink.Gag.SF2.PRE plasmid contain- 
ing the native HIV-l5;p2 gag (X. Paliard and C. Walker, un- 
published data). 

DISCUSSION 

To increase the potency of HIV-1 DNA vaccines, we mod- 
ified the genes coding for HIV-1 Gag and Protease to over- 
come Rev dependence and to increase expression levels. 
Changes in codon usage to that utilized by highly expressed 
human genes in combination with inactivation of INS regions 
dramatically increased Gag expression from these constructs in 
the absence of Rev. Expression levels from the modified gag 
plasmid pCMVKm2.GagMod.SF2 were increased between 
322- and 966-fold in 293 cells compared with those from 
pCMVLink.Gag.SF2.PRE, which contained the native HIV- 
lsF2^^i? gene. Density gradient and electron microscopy anal- 
ysis demonstrated that the modilied gag genes efficiently ex- 
pressed particles with the density and morphology expected for 
HTV VLP (Fig. 2 and 3). Similarly modified gagprotease plas- 
mids that also showed high levels of Rev-independent expres- 
sion were constructed (Table 2), but the expression cassette in 
which the codons for protease were optimized in combination 
with INS inactivation showed evidence of protease overexpres- 
sion and reduced formation of VLP in transfected COS-7 cells 
(GPl; Fig. 4B). In contrast, both immature and mature VLP 
were produced from gagprotease constructs in which the INS 



were inactivated without codon optimization (GP2; Fig. 3 and 
4). 

In light of the improved expression levels from the modified 
gag, mouse studies were conducted to evaluate immune re- 
sponses to this construct when administered as a DNA vaccine. 
When the modified gag plasmid was employed, Gag antigen- 
specific IFN-7-secreting CD8"^ T cells could be measured fol- 
lowing a single immunization with as little as 2 ng of plasmid 
DNA (Fig. 7). CTL responses were observed in a lysis assay 
after a single immunization with 20 ng of the modified gag 
plasmid. These results combined indicate a 10- to 100-fold 
improvement over the native gag plasmid, for which at least 
200 ng of DNA was required for the induction of a delectable 
antigen-specific CTL response (Fig. 6). The improved potency 
of the modified gag was also reflected in the humoral re- 
sponses. A single dose of 200 ng of the modified gag was 
sufficient to induce measurable anti-Gag antibody responses in 
25% of the mice (Fig. lA), while 100-fold more (20 |xg) of the 
native gag plasmid was required for the detection of Gag- 
specific antibodies. 

The improved potency of the codon-modifiedgflg expression 
plasmid observed in mouse studies was confirmed with rhesus 
macaques. Four of four macaques had detectable Gag-specific 
CTL after two or three 1-mg doses of modified gag plasmid. In 
contrast, in a previous study, only one of four macaques given 
1-mg doses of plasmid DNA encoding the wild-type HIV-ij{F2 
Gag showed strong CTL activity, which was not apparent until 
after the seventh immunization (X. Paliard and C. Walker, 
unpublished data). Further evidence of the potency of the 
modified gag plasmid was the observation that CTL from two 
of the four rhesus macaques reacted with three nonoverlap- 
ping Gag peptide pools, suggesting that as many as three dif- 
ferent Gag peptides are recognized and indicating that the 
CTL response is polyclonal. Additional quantification and 
specificity studies are in progress to further characterize the 
T-cell responses to Gag in plasmid-immunized rhesus ma- 
caques. DNA immunization of macaques with the modified gag 
plasmid did not result in significant antibody responses, with 
only two of four animals seroconverting at low titers. In con- 
trast, the majority of macaques in additional groups immu- 
nized with p55*^'^® protein seroconverted and had strong Gag- 
specific antibody titers (G. Otten, unpublished data). These 
preliminary data together with data from other investigators 
indicate that a prime-boost strategy, with DNA prime and 
protein boost, could be very promising for the induction of 
strong CTL and antibody responses. 

These results indicate that sequence-modified high-level ex- 
pression cassettes for HIV structural genes can improve the 
potency of plasmid-vectored HIV vaccines. Sequence-modified 
genes may also enhance the potency of virus-vectored vaccines 
and increase the production efficiency of HIV structural pro- 
teins for use in subunit vaccines, 
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Inactivation of Gram-Negative Bacteria by Lysozyme, Denatured 
Lysozyme, and Lysozyme-Derived Peptides under 
High Hydrostatic Pressure 

BARBARA MASSCHALCK, R09 VAN HOUDT, ELUSN G. R. VAN HAV5R. 
AND CHRIS IV. MICH1£LS* 

iMbonUory of Food Microbiology Kaihalieke Unimsiieit Leuven, £-3001 Htverk^, Be^am 
ReeaCvad 17 July 2OOVAae0pi&d 24 Ociote 20Q0 

We bam studied tiba iDadrathni of six gram-iK^riive liaclieria {JBsdfmehia coU, Fseudonumas fiuoivscm, 
Sabnone&i Msrka seronur l^Uminiiim^ Sabnon^ mwUkUif Sl^gObk somatic aofl $h^^ flmeH) \ry bigb 
Igfdnwtaitlgpnjp^vgrv tK^togiMit in th« ptwtnctof btnegg-wliitelysozyme,|»Hi&ny Qrcmvptet^ tjsith 
agnDc» or a ^tbt.iii; cat{gn2p pcpti^ dcnved OroiD citbcT hen egg white or colipbfi^ T4 lywoiiym, Nonecf tiiese 
compminds bad a bactericidal or bacn:Hostatic elEect od any of die tested bacterid vt ^tnxoi^plMiic pressure. 
Vnd«r high prmuc^ nU bacUoriv^ «nc«pt botb SabmrneHa spedes showed h^ber inactiKratfoD in the presence of 
ICO iLg 9f ly^QosymKfTfil tiiaai without thii5 9idditivc» iodkatiiig that pressure sen$hi(?d the bacteiia to lysoaame. 
This extra Inactivation by lysozymc was aocoropaaied by the fonnation of spfacropla»tis Complete knockout of 
the monunidasa eni^atic activity of Jtjvoiyine by heat treatment Mly ^ixnioated its bactericidal effect under 
pressure, bot partially dCDatared b^sozyme was still active a]^n$t some bacteila. Contrary to some recent 
Imports* th£se results ladicate that ekuytnatic aethririf is indispensable for tbe antSmicrobial ai^ty of lyso- 
agmie. Bowevevv jpartial heat deaatDration exli^adcd the activUy spoctrnai oflysozyme under pres^r? to serovar 
xypbhtturium, su^aiestitt^ lanhaaced uptake of patttatly denatured tysos^me through the ^erovar I^pbinrarfaim 
oular membnne. All test bacteria wm senntiied by high pittssure to a peplida oomesiiondfaig to amino acid 
residues to dhva egg whiter and aO aanxpt JSl eoH and P.flmmm wm sonitind by hi^ pressukt 
CO B pi^de coxTaqmndiiie to andno add leMdm 

activar these peptides pMMbiy have a diBfercnt meefaanism of ae^on than all ]|ysozyme polypeptides. 



High hydrostatic pressure trcatmcm is a promising tech- 
nique for cold pasteurization of foods ibai allows better reren- 
don of product flavor, tcacnire, color, and nuirient content than 
a comparable conventional beat pasteurization (17, 24). The 
main Ob^Udes that prevent a commcicia] brcaJctbrougb of 
pressure-preserved foods are ihe high invesimeni cosz, due lo 
the high pressures required for effident microbe and cnsyme 
destruction, and the paudty of Icnowled^c on the sensitivity of 
various paiho^enic and spoiitiSI^ Tnicroorsaijisms to hydrostatic 
pressure and on the factors affocting this sensiiivJiy. 

The application of hurdle technology has been proposed as 
an approach to increase the Tnicrobicidal efTeci of the process 
at lower pressures. Hurdle technology relics oo the ^ncrglstk: 
combination of moderate doses of two or tnore miCTObe-Tnac- 
tivaiing an^or growih-retarding factors (18). An mtcresting 
CTcamplQ of ^yncr^sttc inactivation exists between tdgi plea- 
sure and a numhw of amimicroblal perpiides, niduding nism, 
lysoaEymc, and pedxochi (3, 9, 14^ 19). This i^ymsgistic inactlva- 
txon was observed not onfy m inuinskaily scnaiiivc 
itive bacteria bm also in gram-Aegaiive bacleria, wbieh are 
normally xnscositive to theses peptides bocansc dich- cellular 
targets are shialdad by then- outer membrane. 

In the present work we have focused on lysozysne because n 
has soma interestue^ jfiMinres for ai^icaiton as a food prescr^ 
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vative. First, lysozymcs arc naturally present in foods sucli as 
egg whhc (ca. 3^ mg/ml) (1), cow milk (ca. 0.13 iig/ml) (1). 
and human coiosurutn (ca. 65 (Aj^ml) (20) bitt also us several 
plants, such as cauffilower (ca. 27.6 M-g/mJ) and cabbage (ca, 23 
\i-SM) (22)« The use of these naturally occuning lyso^gmtcs at 
a oohcentxaUozi of 10 to 100 as proposed in this work, 
should tberefbre not prescm a toxicologteai coaeenL Second, 
the bacteriostatic and bactericidal properties of lysoaymc have 
baen the subject of many studisst and ov«r ihv lasi 10 yeaxs, 
sevenU audiors have proposed a novel anUbacteiial media- 
nlan of acdon fbr lyac^e thai is hidepcndcnt of iu 1,4-3^- 
acetylmuxamidasB aetivliy. These rftpom are hascd on unique 
bacteriddal. properties observed with partially or compleidy 
denatured lysozymes having reduced or no cD^roaiic activity 
against both gram-positive and gram-negative bacteria (2» 10, 
13, 16)r For example, Jbrahiin et al. (10, 13) demonsttaxcd 
inactivation by heai-denaturcd lysozyrae ot^ Exchaiehin coU 
K-12 strain, which was lelaiivdy mscnsitive to native lysostymCr 
During et.al. (2) showed that native and heat-treated enaymal- 
icaJly macthre iysostyme froni eoiitrfiagc T4 caused similar in- 
activation levels on a particular £: co!i strain. The antibacierial 
properties of dcnamrcd ly^tx^m^ have been proposed to result 
from the cationic nature of the peptide in combination with 
oonfonnaLional changes loading to Incnased hydrvphobicily. 
These diaracterisiics are believed lo contribute to the anihni- 
crobial properties of several peptides (8), Specific pepudes 
with caiionfc properties and without entymaiic acthriiy derived 
kom hen egg white and T4 lysoo^me wei« also lound to have 
anthnicrohial activiiy (^ 21). 
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340 MASSCHALCK ET AlU 

The present work cxtcDds oar prcvloiis observation ihai high 
pressure sensitizes E, coU for ^sosyme (5, % 19)- We have 
stiidicd the effect of denatured lyso^mcs and |^ozyme-de- 
rivcd peptides, in addition to Dative Jyso2^e, in combinatton 
wilh high pre.ssuT^ on a panel of six different gram-ncgativc 
bacteiiu mcluding scvera] foodbome pathogens. The results 
this work should provide ^tier TA$j(gbt imo the mode of anti- 
bacterial acdon of ^02^e and contribute co the developmeni 
of more eiEclenl technology for cold high-pressure pastcmiza* 
tion. 

MA7ERIAJLS AN& MfiXHOOS 
BvctpHsl cpltvnrS avwrtb CMiditfiHiB* the bsctcrisi used At tfab wot k aic 

lufla ttuenea sorovar l^phlmurium LMMBMDi iboih iiom our lUioratoTy ooi- 
le«Cl6ii)i 59fmond(a aiuntUlis ATCC13076 (fiom ilie Aoiorle&n Typ.^ Cuftuic 
Celladl^^ SHfftita fiarwi IMQlOm md jFwmcr mGiXMZ (bodi 
tho BolRfan Cuordhuiiad Qtltuiv Qtlfocifon of MierDorgBiiinns, Gbon, 
Belgium). AJl expKrimcnu vt<rft etraiti out with cultures in Mtattonnty phnjsc^ 
obiaincd by growib m Duoicni botiilloo (Oxpid, Basinsnt^Ju:, XJoitcd xin^dam) 
for 3) b with sbnXlDS (ZOO ipm) 9r 3TC» «9CRpT for A Jhionsttu, wbicb was in- 

CSnrnih inlAitiaii. Cnnrth inhibition by lysozymcs nnd lyiHXQnno^erived pep- 
lidcs was dcfennlBcd by rccunJmK jcrgwth cuives {n mpta^t^ witll ? BiOKrOQO C 
mi'efObtOtogy icadcr (LabiyiKCm* 0>v Heh^inlef, Fintamd). Stol^wy phasff 0)1- 
lufb «crc dUtilAd 10 bclwteii i X i<P and S x 10' ccll:^! in fnsfii mcdivnu nnd 
3fiD }ki was transferred to die hoo^romb plate «tclh of ibc Bioacitcn C reiid^. 
Tho volume w» then adjusosd co 400 ttX, diher with bufte/ foir cho conirub. or 
wilh the avpropriaic aohitipn oFanilmfeioblal. Evoiy 15 mfn ibe eulutici were 
JiakcnM medium ioicml^ For 1 mbi,aiidTbBtuTbidliyws5iiieN»red¥4di awide 
band filror. The growih ciuvos were followed iot^h,\ti whieh lime all bafitena 
Tcnebcd tho fbitionaiy phase. 

DimataradaD or iysa ^^wu and aiea$urrana)t of bVPsiTnic cn^yBUrtlc acdvUy. 
Hen e^>A»hilc bsos^Aiv (66,000 Ufmsi fluka, Budw, Svitxariapd) ROrvd 
ffOMA {-20rQQS a SloeiL jOluUon of I ttt$fm\ ha ppiiuft|uin phiH^haiB huffier (1 Q 
ffiM/pH 7.0). For boat dcnaiurailoQ, iOO ^Icioic I'm^tal aoluiion wok inuxc 
fanned xo a »edl9 sbss caplOany iind treaTod for 20 or 00 aia ai SO di lOO^C in 
a water bmh. For dcQBn]rad<m whh ^Taencapccxthanal* tho l-mfi^ml lysoxymc 
solution w»$ meuhrited with 5% p-mercaptD<«(hanol during 1 h at €C*C. Aftur dii.^ 
iTcatipCTirs, cbe lyvo^o Siunplef were pui direcclyr on ko and stored at -2a*C 

The nn^FiRaiic aeiivi^ qt ^ynnQrmo and its denvaiive« was moasurod with 
^|»bilBBed Miawxieaa fyxodeAGttu (ATC3C 4«99> cvlU (FluKn) rewspondod at 
0^ lae/Stnl in lO mM pQtiu^uin i^wcphme l^uScr (pH 7.0} as o substrate o^g a 
owthod adapiod fram Woisnor (25>. Hiirty^iientytcr ailquots iir di rereni dllu- 
dons of tho sampio were added to 300 fil or Jl/. ^Rnw&riHrfatf ecu M&punxfnn, and 
tha ispif, of eeifc wn.% ine«n«ured avtomailcall/ as the dceicflso in cufbioiiy (optieoi 
dtBiSxy ut 600 lun [ODmw)) with the Biwnmi C mwrohfoTogy reader duriog 40 
min « 2iD*C Tiie dDinion rauliiqs in a lui; of linbidl^ decKBhe bizHvqan IMIOI 
and 0,005 OD UAniq wn^ vwd «o ealOHlaio ih«» cmymado «sie^^. BiuynntiB 
ueiivlly 1MU n p roawd in imitR per milirsnun of pro<ein pr as D perOOncagQ roladvo 
to untreated lyso^mo. 

^thctie pqrtidcfl. Two ayndicik peptides (SI5% puriv) were pucdaM:d from 
EurqEcat«c (Hnstal, Bnlslnm). Ptaprida ftELM-ild (HsN-KKl VBD WO 
MNA WVA WftK RCK^OOH) U a 21iinBr peptide Bpn^FpopdillS 10 amino 
adds 9« to 116 of hctt cfe-whrie lyBotvmo (HEL). Beptide T4U43>1S5 (IE^n- 
FNR AKR Vrr TFR T>COOH) is a 13<»cr peptide and eunepwid;: (o amino 
adds 143 to 155 of bacieriopbage T4 lyio^me (74L). 

Pressure (rcanneni.Cbll5 In Radonaiy phase we/e harvested by ttntriFa^ipn 
(5»8W >c 5. 5 min) and icsuspendod in ibc saiao ^uluoic pouaahim phuHphaie 
buffer (10 jnM. ^ fJH}, yicldtng a final cdl pppulatloo oF 5 X 10^ m 5 X 10* 
CFUAnl. Alibot^ the pH of pho^rinxe buffer b moic ^jasm^ dependem than 
die pH offomc oiher buffers (15). ^ospfaaic bu£tl:r wax diDxcn for this study 
bocuuse It ts widely mod fn inncthradon studies and is oot harmAii to micioor* 
ganbttiks. Alter the adiSiiion of lyjotgrmc nr gna tjf %t4 dertvadvcf where appro- 
priate, cell sosponsiOQS (300 yX) ytstc Jw-ohnl wMranl stir bubMsx in steiik poly- 
ethylene and objected at 20*0 to prcmires ia die iMfie of ISS tn 300 MPs, 
Fhwtim: trBatitwnt wa.v dpne i*i 9 (Tnem wirfj o(ghi pamllol chorotfitfUiiietiny 
eoAirolled BrUil v6ssoii whieb tuuUi be aimultnqeoi^ly nreiwrtzed and individ" 
unlly deeompre«Md at diiffercnc dnu» (ll«iaie^ Rodot. The N^th«rtifnOi»}, 7b« 
oomprewon raie way sppiroximMeQf TOO Mfa/mfn; dcoompressibR ww in lem 



A7PI. Envirok. Mici^obioi^ 

kliaa 3 ai The l^b-pr«wie uaabnb^ fluid mwd ww Resaio blab-prcuurc 
fluid Tin, a mUctixre gf g|yn»)s (Van McCBWCa, Wop, Tba Nst^iail^iidli), The 
proisuriaiiQn Uoics reported do not include che come-up and emnDdown lime. 
Ii shouki also be noicd that the tempoTBture in the vesseiR could not be Iwpt 
constant, due to adtabatie coaipnscsfqii and deeomptts^on. Tempe»iiire mca- 
)nireTP«n(» with thermooouplet ioaide the pxoMua v«s«ei9, which had been pre- 
viewkly eondtiecad under idesiiicfll elrcunuaimn&s xvggefted a Kmpenmiie in- 
creaye to 29*C upon rapid pccttirikallga to 900 Mfft, 

To nwftwro baeteiiddal acdvidos n atimoiiphcric prc»irre» a pan of the sus- 
pen9(on wifb the additives was kept at ruum tcmpcniturc without pressmfailon 
and wiu pbied after the same caqposare linw » the pxevwrixcd samples. 

Ennmcfntipn of vtabk ectls* Appropriate diluUoni: in Klerilo pgla«^wn phos- 
^laxe bodcr (10 i»M, pH 7.0) wore surface ploicd with u sipirol pimer ^iml 
'^fgicm Tofi;, Oneinuali, Ohio) on oyptfe soy a^ar iosE.^ {ind fiftortsoeas or 
on plato eowu ug^ (hqiii media from Qmid) for d» other bacteria. Tbc plated 
voluffio was 50 rJ, and boKE the detection limit was 20 CFWm. OolonleiWBra 
aflowod to develop for 24 to OK h at the npproprtotc Incubation tettpi^iaitun:. 
Inactivatfon was cxpicssed ss ft l^t&cilhmic viahint^ redoetion* log (N^. with 
N and Np tba colony counii tfior a utaimeni and in the vntroaxed sample, 
icipKCivc^ I^ali tnatmonaii iwniBa 2 araadaM dwiaiiena ibr nt loaK ibreo 
iad^peadcni euHbim of aacfc ftralh m diows. Signifieanc dtflTciaiBesi were eal- 
euhmd wtcb dw paired Studeni'^ t tat. 



RESULTS 

S«iisitizacign for native Jyso^yme, The test panel of 9uc £rani- 
negailve bacteria iucluding fopr paihogens (two Salmonelia 
and rwo Shis^lla ^jiisins) was screened for sensiiiviiy lo native 
lysozymc under conditions of ambient and of elevated pre$- 
sure. TWO coneentradon$» lU and 100 itg ot ly$o;rymeAnl. were 
used to hivestigate dose dependency. Growth curves in the 
HH'csciicc of lyso^rme revealed no inacth^tiQn or growih remr- 
dation for «ny of the bacteria, even at lOQ iig of lysoi^q/^ 
(d«ia not shown). Higher cQiioeiitTatiow onysoa^mc ytm not 
tested, since these tended to cause aggvogatiOA of the bacteiia, 
mukhig the plate comtm unreliable, 

Scn»tization £or lysosyne by hij^ presscve was tested by 
addfng lysoayme to the baciciial suspensions l>efote pressure 
txcatmcat (Table 1), For each strain a pressoro was chosen 
ihai, in the libscnce <rf ^ysozyme, causdd an tnactivation of aL 
least % lot vnit. Wc speculated that in this way the pressure 
ttesnmeni would be severe enpMgh lo sendt&c the ceUs to 
lysosgrme. Because of their dlifonem pressure ^nsiiiviu'es, a 
uniftrnn pFcssure trcaunent could not be used for ail the bac- 
teria. At 10 )Lg^nii, only £1 cp& and R ftuoroicens were .sensi- 
tized to lyii02yTne by high pressure, but at 100 iigAnI» S. flexneri 
and ^ s<}mw also became seniiiive, and the extra iogariiiunic 
viability reduction camsed by lysozyme for £, coli and Jlup- 
fesc6ns itiereiised Croni 0^ to 1.0 and from I.S to 23, respec- 
tively. Neither Saimonella strain was ^activated by lyso^ne 
under pressore, and th«? presence of 100 jLg of lyso«yTncAnl 
even had a protective effect against pressure inaeiivation for 
Sabnoneiki scrovar Typbimurlum. In three iteatments (S, son- 
net wilh lystpTyrne at 10 and 100 iJig/ml, and scrovar Typhi- 
murium at 100 (&g^l)< standard devJatiotiS were remarkably 
higher than in any other treatment. These experimenis were 
repeated in triplieatc buc the statidard deviations remained 
high. 

Sensitivity for lyjto^yme under prcssoie was transit, jiinee 
exposure of pressure-treated celi$ to lysoz^e (1 h at room 
temperature) after pressure trcattiicnt did not cause Ainher 
jiiaciiv&tiOi)> not oven for P. fiitoivscaWf which wd« mo^i vcn- 
^tivc fbr ][ysozyme under pressure. 
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TABLE 1. Logarithmic viabiliiy reduction of bacrtricU «usp«i$km 



xjdk c<o/n s sir of Miypensimts wfrb*. 







No idifitives 
Ccuaiiol} 








Ne.oS 
samples 




100 figftid 


aftur pnaROh^ 


JEH co£r 

51 erueritklis 

Salmvnellu Mf4>var Ty^imufium 


300 
155 
270 
250 
2^ 
320 


L6±0.3 (a) 
1.6 ±05 (a) 
1.9 2 03 (a) 
L6±0.4(a) 
3,5 ft 0.3 (a) 


2i) = 0.1(b) 
3.1 ± 0 J (b) 
2.0 ±0.0 (a) 
1.4 ±0.4 (a) 
3L7±0.4{a; 
3,a±]j0(a} 


2.6 ± 04(b) 
4.1 ± 03 (c) 
1.9±0.Z(a) 
lJ2±0.?(b) 
4JS±0Ja<b) 

5.6±l.^<b) 


1.8 A 02 (a) 
L7 ± 01 (a) 
2,0 10.1 (a) 
1.5 0.3 (a) 
3,5 :& 04(a) 
4^±0.3(a) 


3 
3 
3 
6 
3 
6 


" Viilws wilhm a row Fgllowgd hy diffinent I 
'FrnmiTB [iwKmom; 15 mln. 20% 10 niM | 




buffer, pH 7.a 









Sensitization for pordalir b?at« or ^-nmaplo-c^niiil-de- 
naurtd lymymb It has been snggested liy aofine auihon that 
panial or even compleie heat denaiurafion would exiend ihe 
woricbie spcctnmi of ^soi^c to some gram-nt^ativc bacteria 
ibac arc not nOTmalty scnslthre to lysosanne (2, lO, 13). We 
wvTited 10 conlmn these rumarleable ol99eivatiany on owr own 
panel of &»t bacteria an^ lo oompare the bacterieidal cfiidcw^ 
or native and denanned Jtyaoaymes imder bigh pressoic. F&si. 
wc tested whether lyso^c is denatured by the high pressure 
treatment This seems not to be tbe case, since even after 
a harsh ueatment at 600 MPa and 60*C during 15 min, 100% 
of the cn^onatic activi^ was retained (Tabic 2). Lyso^e was 
denaiured with heat in a vnsy similar to that de.scrjbed by 
Ibrobim ct al, (10, 13) and, in addition, with ^mcrcapto- 
ethanoL Tbe different treatments of lysozymc, the designations 
for e<ich denjiiurcd product, and the corrcspondrajt jtc- 
maining en;9matic activities are shomi in Tabic 2. Two dena- 
tured fonns OH[100/20-lys and M»lys) were almost completely 
cn^anatically inactive with, respectively, 0*6 and 0.5% of re- 
sidual acUviiy whereas one (H80/20-lys) still had 11^% of Lytic 
activity. In the hl^ pressure experiments, H8Q^0-lyS was ap- 
plied at ID fLg/lm! and the more dcnatuied forms at 10 and 100 
jigAnl. 

In control caqxriments at almo^cric pressure, no bacteri- 
ostatic or bactericidal activity could be detected for af)y Ofthe 
denarured forms on any of the test bacieiia (data not shown). 
3ince the solation of M>Iy:$ snll contained p-mercapu>-ethanOl» 
another series of control cxpcdments was pcrfbimcd in which 
all test bacteria were pressure treated in the presence of 5% 
p-mercapto-ethanol, but no eiihanced lethality wa$ obst^rvcd 
due to the presence of this compound (data net showji). Tabic 
3 shows the reduction factors of all tbe test bacteria when 
treated with ihe denatured lysozymes under high pressure. In 
general, denatured lyso2;ymcs were acove under pressiae 
against Ibwer bacteria than Intact lysc2yme at the samt: con- 
centration. Both $tron£ly denatured hfmpn^^ (HlOO^b^ 
and M-^s) were completely inactive under pressure at 10 
ml, although they remained active against at least one of tbe 
bacteria at 100 figM, An inierestmg obsicrvation cOTCcnis 
$erovar lyphlmurfum, which was sensitive under pressure for 
some of tbe dcnacured ty^ozynie^ (H8Q/20-}y5 at 10 |L^!nd and 
HlO0/2O^iys at 100 ptgAnl), while it was not senshive for native 
lysozymc oven at 100 ^^jai» This remarlcabte behavior oif se- 
rovar T^pbimnrium was confimed in an experiment with aix 



replicate samples. Serovar Typhnnuxium was nm sensitive^ how- 
ever, to the p-mereapio-e^anol-denatured tysoag^ (M^lys), 
although the latter iiad ahnosc the same level of en^maiic 
activity as HlOQ^lys. M-iys at 100 (i^l wv$ aetive only 
against P. fiuomsams, Thik orgamsm was also sensitive co H80/ 
20-]ys (10 |j«M) and HlW^Mjfs (100 \L^fttd) under piessuitt 
and was ttierefore ttte most sensitive of the tested bactciia. 

Gomrlbutlon of enzymatic activiQr to the buctcrieidHl pmp- 
erdes of lysoog^es under pressure; In the experiment de- 
scribed above, the denatured lyfio^fymes always had some rc" 
sidual ensgnnaiic activi^. To clarify whether enzymatic activity 
Is necessaiy at all J^r th« bactericidal effects observed with 
denatured lysos^mcs under pressure, we subjected lyscoyme lo 
heat treatment at lOO't; during 60 min. Obtaining a sample with 
undetectable ietnaymaiie activity (HI0Q^60-Iys), The macthfation 
of ?r flwrescens, as the most sensitive of all tested bacteria m 
the previous cjcperimenct, by H100/60-!y5 and H80/20-ly5 under 
pressure was subsequently compared and it was found that the 
completely denaiured lyso^e had lost its bactericidal acuviiy 
(dat^ not shown), A J^Jther conGxmation for the role of pep- 
lido£ly<^o]ytic activity was found by microscoptc observation 
of cell moiipholo^ a£[er pressure treatment. The bactericidal 
dIecL caused by intact or partially denatured lyisooyme under 
hig^ pressure wus alwuys accompanied by a cban^ in the 
morphology of the cells from rod to sphere. This change did 
not occur in the absence of lysoi^c or with the completely 
denaiured iyso^e and is therefore most likely due to the 
formation of spheroplasts as a result of the residual lytic ac- 
ttvity of lysoKyme. 



TABLfi 2. Residua] ctoyrnatle activity of paniaDy denaiunsd 
hen Bgg-wtaitB lyso^^e A^UTion^ 



Tnamwatofl^ 



Rosidoalcnsynaiic 



UAng 



Vy» 


No trfiatmeni 


100.0 


66,000 


FroMuriscd LyS 


fiO^lSoibi, 60BMPb 


lOOIl 


66.000 


HSOW-Iys 


80*020 min 


1L5 


yjm 


KlOOOO-^ 


100*Ci20xnn] 


0^ 


396 


M^lys 


5% p-mercapta-eihanol. 


OJS 


330 




6a*C;60nim 
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tABL£ -3. Lqgvithmle viabili^ xcduciion of bscieria by donstuml hen egg-white ^ysoBtytass under h|gb picssure^ 



QxTrjiiibni 



(MF«) addiiZvw H8aa0-ly& 

(oonnbl)* (lO fietal) 



10 



iOOnKftnl 



iNu. or 



K.CPS 300 1-6 2:0.1(8) 1.9i0.1(«) 1.4 i: 0.2 (n) 1.9 3: Oil (a) U = 0.2(») 1.9 i 0,1 (a) 3 

P.JiuffPaeeiu 155 1.6 03 (a) 3.1 a: 0.1(c) l,72:0.2(«) 2.5 s 0.1 (b) 1.6 3: 0.1 (a) Z<5 x 0.1 (b) 3 

S,cfUaiadis 270 1.9:!: 03 (a) 2.0^:03 (a) 1.7 £0.2 (a) 23 = 0.2(3) 1.7 2: 0.2 (a) 1.9 2: 03 (a) 3 

Salmoni^hvttam'Xni^vamw 250 h6±0.4(aj 2.lrD3{b) l.dzU.2(a) 22z0.l(b) 1.6^03(2) l.7±0.2<a) 6 

S.J(eKnen 250 33 s 03 (a) 33* 02(a) 3.2 2: 0.2 (a) 3.^2:03(9) 3.2 ft 03 (a) 4.0 2: 03 (a) 3 

S^sonn^ 230 a32:03Ca) 4.0x02(0) 3.8a:0.4(a) 4^a:0.4(a) 3^a0,4(a) 5.1±05(a) 3 

** Kn^ pnaenirc ticatmcnl: IS mm, ZITC, 10 mM phfttphatc balTcr, pit 7.Q, 

* VshKS wilhin a niw follawid 1^ lUBmni knen 

« Re9«lE» in thlx ibMc and 3n TUiii: 1 mse pbtafaicd wiih tiie jmiic bndvrSnl cttlivrak HKTcforo, ihc v&IuC( sbuwn Air the control tr«ainieiK BTC lafcea fiom Tbbte 1. 



5ra»itizstioii for lysoo^^ilerlved peptides. Li a final set of 
GxpcrbnentSy two synthetic peptides derived^ respectively, from 
hen cg^white fysozyme (HHL9fr-116) and E. coii bacierio- 
phage T4 ly«03tyni« (T4L1 43-155) w^t* jitv^tigated for ami- 
bactcrial activfQr. Peptide H£L^-ll6 is similar to the bacxrl- 
cldal peptide of IS amino acids that was isolated by Pelle^i 
c( ai. (21) by digesting lysoa^yme vdth the piolcasc clostripain 
but has two additSonal Nfl^^cEiniiial and fbnr additional 
COOH-ienmnal «mino ^'d$ 6m the Oriipnal lysoa^e se- 
quence. This increases tbe cadonlc chancier of the peptide, 
wbicih » known to comnbuie to ibe anUbttcieria] aetivity of 
scvcial antibiotic peptides (7). PcpddeT4Ll43-l55 was cbospen 
and syniheSBEed Ouring et iL (2) for iu amphqihaue char- 
acter and fadiooidal structure and was also fionnd to have baic^ 
lesftidial acieviiy. Tbe calciilaled jSQetectric points of HEL96- 
116 and T4U4M55 ;iTe 10,29 and 12.40, respeedyc]y, and 
both peptides were completely enzyjnatical^ Inactive. 

These iwo pepu'des wer« appiied co our lesi pand cf bacto- 
ria at 100 |ig/knL Ai atmospheric pressure neither gmwcb in- 
hibition nor fnaciivaiion wa.$ obsewed (data not shown). Un- 
der ^cssurc ^Tablc 4), all bacteria were sensitized lor the 
H0£XJ9$-1.Jia pepiide, evexi sewar Typbimwiuyn dnd 5, enifri' 
tidls^ which were not sensitized for native Eysozyme under pre<^ 
suie. On the other hand, peptide T4L143-t55 was a«Lvc under 
pressure against all bacteria except £. coU and R flnortacens, 
two bacteria that were veiy senshive to nauve lyscoyme under 
pressure. HELSd-lXd was more effective than T4ia43-155 
a^inst ail bacteria, and bactericidal activity of both peptides 
under pressure was not accoinpumed by spherpplast Imna- 
lion. 



DISCUSSION 

A iim objectiye of this work was to investigate whether the 
picrviousiy lepojrted observation that high pressure can sensi- 
tize K cqU lo lywzymc (3, 9> 19) can 1>e extended to other 
^nun-negative bacteria. It was found that this is the case for 
some but noi for all gram-negotive bacxeria (Table 1). Inacti- 
vatibn by iyso^me under pressure was oonoonuntioA depen- 
dent smce Ht 100 ^j^/mi more bacteria were $dn$iii;«d and a 
higher ma^iiudc of sensitization occurred than at 10 p-gAni. 
In line with what was reported earlier by Haubcn ct al. (9) for 
£. co£, we found chat sensitization \& transient. M soon as 
preasore was released, all baaeria imrncdiatsly regained their 
resisiance to iysozyme. in addt^'on 10 this of transient 
scnsit^ion, high pn^sure also causes a peistisiam type of 
sensiiizBtionf lor histance io the laeioperoiiddiise aystcm (4). Of 
course^ whether or not an organism gets sensitized lo lyso^yme 
by. h%ti pressure may depend on mwiy other factors, such as 
pressure, laTupcratvje, pH, medium compa<i[tion, and cell 
growth stage and history. For ex^Tiyplc, wc have previously 
demonstrated that applicadon of pressure pubes with brief 
interruptions can cause sensitization to lysozyme and nisin of 
bacteria that are not sensitizfid by » conibioous pressure tiaat- 
meni (19), 

In the present worlr, we explored another route to maximize 
the ^vr^stic bactericidal e^ct of preASure and lysozyme, by 
repJaciag naitve lysoznne with denaitnred form$ of lysovymc 
aiuj peptides derived from lysozyme, lO boih of wiiich have 
been ascribed certain anumicrobial ciTects previously. 

We prepared he»i-dcnatured lyso^me according to Ibrahim 



TABLE 4. Logaxiilimic viabiU^ reduccton of bjcterial suspensions trut«d wiih high pressoi^ both wtthour additives and 

with th« aclciitlon of tysozymc-dcrived peptides 













Naor 


CMPii) 


Hoaddluves 


(JOO 


TfU43-lSS 


E.COU 

entieridtlis 
Scbnvti^na sereyariyphiniiiriuni 


300 
153 

270 
250 
250 

220 


3«2s03(a> 

1.0=0.1(8) 

3,2 3:0,2(0) 
2.2:^ 13 (a) 
0.9±03(B) 
1.7 1.0(a) 


4.4 £ 0.2(b) 
2.1±a4(b) 
4.4 2:0JZ(b) 
3.2 = 0.8 (b) 
Z5«a4(b) 
3.4=U(b) 


33^:0:? (a) 
13^0.7(0) 
43*0.2 (b) 
3.0= U(b) 
23 = 0.1 (b) 
2.9 = 0.9(b) 


3 
3 
3 
6 
3 
6 
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et al. (10, 13), btii we failed to confirm aoy oar the bacierieldfll 
or bactcjTOscaiic tStas utider atmospheric pre^re that weit 
reported hy these authors. Dcnatnxadoo wicb p-mcn»pco-eth^ 
ancl also did not endow Iy$ozynie with ancimiCKibial actcviiy at 
aunosphcrie prcssarc Wc believe thcrefbro iliat the dEectn 
described are veiy strain dependenL 

The cxpciinjcnts with the denatured iysozymcs under high 
pressure (Tables 2 apd 3) lead to two observaifons. One vs ibal 
ibc enzymatic activity of lysos^c Is required for it to exert a 
baeiericidal effect under pressure. EeducciQn of eni^ymaiie ac- 
tivity by heat or p*mercapto-cthanol denaturadoa clearly lead.<; 
to a teduaion in the observed bacteriddal eiTecc, and aimplcic 
eliminadon of enz^etic Qctivxty by extended heat treatment 
(60 Tttin/lOtfC) completely eliminates the bactericidal efficct. 
At this point, therefore, onr results do not allow us to confitm 
the iiypothe!>is niised by oUier authors (Kai the anlimicrobiaJ 
acuviiy of lysozymc and/or heat-denatnrcd iyso^e would 
consist parUy of a mechantstn that i$ independent of enaymaiic 
activity (10. 13, 21). Hie second observation from ihcsc exper- 
iments is that partial heat denaturation can extend the ^ec- 
trum of lysozyme bactericidal aetiviiy luidcr pressure to a wider 
range of bacieriii. Jn our e;cperimcnt9> heiit denaturatlon made 
lyso^me active against serovar Typhimurhmi^ A threshold 
level of rttsidual tjm^maiic acUviiy remains a mjuiremcni also 
in this case^ as can be deduced from the rcsnlts in Table 3. The 
mildly denatured lyso^jyme H80/2Wy?» (Wih 115% residual 
activi^) is active against serovar Typhimviium at 10 
under pressure^ while the extensively dcnatored HlUO^*lys 
(with only 0.6% residual activiijr) is active only ai 100 iigfral 
Taken together^ these results allow us to formulate the fol- 
lowing hypothesis about the syneiigistlc efltecc of high pi*essure 
wid ]ysg^yme on ihe in<iGtivitijk)n of gnnn-ni^gative baetcRSt At 
ambient pircssDrc, lysozyme is complete^ badivc i^pinsc most 
gFam-negaiive bacteria because it cannot penetraie Che outer 
membrane lo read) its tar^get, the peptidosiycatt. Nevertheless, 
^ozymc has both cationie and lipophilic properties, which 
are known to contribute to an intimate inleraction with and 
passage through bihiyor membranes of many small peptides 
with aniibaetetial pvoperti^ (8). P^iSiuige is bdibved to oocor 
tfanmgb the so-<eBlkd scI^pEoailotcd uptake mechanism (6). 
interestingly, it has been demonstrated that deep rough mu« 
tanis of serovar lyphimoriom one sensitlvo to lyso^e (23), 
«^gg<»iiing that small cdhanges m outer membrane eomposi- 
tibn m^y allow 5clf«fnomoEcd uptake of iysos^e. Conversely, 
a chflxige in the struecure of lysoayme by heat denaiuiation 
can abo cause (he enzyme lo become actNc against strains of 
£, caU which are hisenshivc to native lyso^c (10« 13). Under 
high pressure, the ultimate mode of action oriyso^Tuie remaxm 
the same, Le^ the peptidoglycauolydc aetiviiy. fiowever, pres* 
!»uxc epparenily sthnulaies passage of lysozyme through the 
outer membrane of several gram-negative bacteria. We have 
previously named this phenomenon pressure-assbted self-pfo- 
moti^ uplake. Or, brieHy, pr«aurti>romot«d uptake (19). Our 
prcscat results show that piGSsnit>promDtcd uptake of ty- 
Eozyme is not a universal phenomenon in all sr&m-negativ6 
b<iCLeri?i, probably because it depends on svbde properties ot 
and interactions between, the ceil surface and the ]yso:Qrme 
molecule. Subtle changes m either ihe eel] surf^ice or lysosyme 
structu<v may changes the outcome of ihe iniexticiion. For ex- 
ample* mE,c(^ mutant has been deedbed that is rasfSEant to 
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lysozyme under pressure (19). Xn the prvsent work» mild dena- 
uuadon of lysozyme allowed sumssTul pressaic-promoted up^ 
take and bactericidal action against serov^tr Typhmtuiium^ 
which is refractory to pressure-promoKd uptake of native ly- 
sozyme. The underlying explanation may be an increase in the 
hydrophobiciiy of lysosyme by heal dcnatuiutkjn, since it has 
been shown previously that increasing lysozyme hydrophobic- 
ity by genetic Aision of a hydrpph(^c peptide to the NHz 
terminal of the cn^onc (1^) or by chemical modifieation of the 
ly^l residues with saturated fiaitty acids (11) enhanced the 
actwiiy of lysozyme against gram>negative bacteria. An alter" 
native mode of aotilKiaerial acvion that has been proposed for 
lysoagn«e is that the binding of lysozyme to the baaeriaj enve- 
lope would aciwatc the autolysins (13, 1$). As a second part of 
Lhb work, tiic bacteriddal effect under pressure of two specific 
Jyso^me-derived peptides lo which antibacterial properties 
had been previously assigned (2, 21) was investigated. Again, 
we were unable to reproduce these effects with our panel of 
ie?tbacieri<} and under our experimental conditions. However, 
both peptides were very effective under high pressure^ in par- 
ticulnr Che peptide derived from hen egg while, which was 
active against all test bacteria (Table 4). For these peptides, a 
dilFereTn mechanism of bactericidal action musl be involved 
because they are completely devoid of enzymatic aetiviiy. The 
piedf^ mechanism remains unknown, bat ii seems ^dcnt 
that, similar u> lysoi^e, bactericidal activi^r will depend on 
passage dirough the ouier membrane. 

The use of lysozyme, heat-denamred Itysoz^e, and pcpddes 
derived from lyso^mie may find interesting applications in the 
nonthermal presezvatiQn of foods and pharmaceutical and 
Other products by Ugh pressure. In die presence of these 
addtthfss, lower presjsures can be used to achieve zhe de^red 
veduction fBenms^makiDg high hydrostaiie pressure iecbiiology 
mo«e ecdncnnfcany feasible. For pptfmal performance, the 
woilung qioctmm of these compounds under pressure win 
have 10 be imidicd in more detail, and it may be necessaiy to 
design mbctures of i^edRc compounds lo cover as wide a range 
of baeietisi as possible. For the peptides deilved &cmi ^- 
sozyme, tosdciiy smdies should be conducted to demonstrate 
their safety before they can be sqppllcd in &ods. 
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TI AN ORM, ENTEtt iyrS VACCINE! COMPOSED OP 12 HEAT INACTIVATBD 

fiNTERQBACTBRIACBAE 3. STUDIES ON EFFICACy TESTS IN MXCB PROTECTION TESTS. 

AU RAETTIO H [R^rint author] 
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SO 29nt:3?aXbIatt fuer Bakteriologri^ MiJcrobiologie unfi i^ygiene 1 Abt Origwniale 
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AB A polyvalent vaccina composea of 12 heat-inaccivated 

Entoroteactdriaceae spp. (including Shigella spp., Salmottwlla 
spp. and Escherichia coli scrainsj was studied in mice. iSia success of 
vaccination vfas reported. The efficacy of the oral immwniBatlon dependad 
on the dosage of the vaccine. Storage of this vaccine was diSCUSded. 
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TI UV inactivation of pathogenic and indicator raicnoorganisms. 

An Ctsixis 3 C; Ossoff S F? Iiobe D Ci Dorfman M K| IXimais C M? Qxia3.;i9 H 

SO Applied and eavirozuaental microbiology, (1985 Juit} vol. 49 1 No. 6, ppr 
1361-5. 

Journal codes 7605B01. issfiz 0099-224Q. 
Repon No.s NIM-'i>MC241729. 
CY iMired States 

DT jouicnal,- Articla; CJOomiAL MTicts) 

(RESEftSGH SUPPORT, U.S. GOV'T, KOKT-P.H.S.} . 
JJk Bngliah 
F5 Priority Journals 

EM 198508 

6D 5xxcered SXH: 2D Mar 1990 

I^st Updated on STN: 20 Mar 1990 
Entered Mfedlinej S Aug 198S 
AB StuTvival was measured as a funecion of the dose of germicidal uv 
light for the bacteria Bscherichia coli^ Salmonella typhi. 
Shigella ©oimeir Streptococcus faecaliSr 'staphylococcus aureus,, 
and Bacillus subtilis sx>ore&t the enteric viru5<23S pollovirue typd 1 and 
simiaxx rotavirus $aii, the cysts of the protosoeui Acantliamoeba 
castellanii, as well as Cor total coliCorms »nd standard plate count 
microorganisms from secondary effluent. The dosea of uv light 
necessary for a 99.9% inactivation of the cultured vegetative 
bacteria/ total coliforma, and standard plate count TOiczoorganisins were 
comparable. However, the viruses, the bacterial spores, and the amoebic 
cysts required about 3 to 4 times, 9 times, and 15 times, respectively, 
Che dose required for £. coli. These ratios covered a narrower relative 
dose range than that previously reported for chlorine disix;i£ectiOA of E. 
coli, viruses, spores, and cysts. 
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TI treatment r The ultiitiac* soXunion for p©j?t4cidft control and 

disinfect ion 

AU Kniithof, JQop C.7 KaiT^, Peer C? Finch, Gordon R, 

cs N-V- pwisr Water Stqpply co«c«iiiy Nor^h Hollmd, velserbwelc, i$9o AC, Neth. 
so Proceedings - Annual comfermGe, American Water HoxOcs Association (2000) 
331^344 

CODfiNr PWACDO; ISSK; 0360-314X 
PB AmeriCW Water works Association 
DT Journal; (congputer optical disk) 

LA Englii^h . 

AB High pesticide and micaroorganism content xn IJasel Lake water compellea 
the N.v, pwN water Supply Coi^pany North Holland CPWN) to implement 
multiple barriers against these pollutants at surface water treatment 
plants in ne^nskezic and Andijkr Netherlands. For pesticide degradation, 
advanced oxidation was pursued. Aftar thorough studies, 03/H202 treatment 
was rejected due to bromate formation. Subsequently UV/H202 treatment was 
pursued. UV-photolysis showod saXectiva posticida degradation conversion 
using 1 kWb/ni3 alec- energy varied from 18% for trichloroacetic acid to 
70* fox- atraaine- tlv/11202 treatment resulted in much more selective 
pesticide degradation: with a coiribination of i 3cWh/m3 elec. energy and iS g/mS 
H202, most pecticides were degraded >80%, and formation of harmftil 
byproducts was insignificant. At 0.1-2. S kwh/m3 elec. energy and 0-iS 
g/m3 S202^ bromate formation did not occur and metabolite formation was 
insignificant. Adsorbabls organic C CADC) formation was ^4Q fig/L; 
therefore r AOC and residual H202 must be removed in a subsetjuent treatment 
Step. Granular activated C filtration showed very reliable rasults. 
Applying UV/HW2 treatment for pesticide control with on elec. energy of 1 
kWh/m3 goas together with an average uv-dose of 2000 mJ/cm2. This dose is 
-apprx-SO times as high as applied in conventional UV disinfection. As 
expected, Escherichia coli and (after spiking) sulfite -reducing Clostridia 
spores were coit^letely inactivated- Orientating easpts, were conducted 
with, a tJV dose of 100 mcr/cm3- PflS^a phage inactivation was 2.7 log^ ^ 
Bacillus spores inactivation was 3.4 log, and Cryptosporidium inactivation 
was complete (>3 log). Addnl. data were collected in cooperation with the 
University of Alberta. From these very promising results ^ application of 
DV/H202 treatment will be pursued for full scale application at the 
HeemSkerk Plant for organic pollutant control and the Andijk Plant for organic 
pollutant control and disinfection. 
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Mt^pUcutian and JneompatihiUtg 

Replication of plasmid DNA is carried out by subsets of enzymes used to 
duplicate the bacterial chromosome. However, different plasmids use differ- 
ent subsets and replicate to different extents in their hosts. Some reach copy 
numbers as high as 700 per cell, whereas others are maintained at the 
minimal level of 1 plasmid molecule per host-cell chromosome. The control of 
plasmid copy number resides in a region of thfe plasmid DNA that includes 
the origin of DNA replication. Usually, a plasmid will contain only one origin 
of replication together with its associated cis-acting control elements (the 
whole genetic unit being defined as a "repUcon'O. Very rarely, however, 
plasmids that have been generated by fusion will contain more than one 
replicon; in such cases, only one rephcon is active. 

Most vectors in current use carry a replicon derived fifom the plasmid 
pMBl, which was originally isolated from a clinical specimen (Hershfield et 
al. 1974). Under normal Conditions of growth, a minimum of 15-20 copies of 
plasmids carrying this replicon (or its close relative the ColEl replicon) 
(Bolivar et al. 1977a,b) (see Table 1.1) are maintained in each bacterial cell 
(Covarrubias et al. 1981). Such multicopy plasmids are said to replicate in a 
"relaxed" fashion. The pMBl (or ColEl) replicon does not require plasmid- 
encoded functions for replication (Tomizawa et al 1974); instead, it relies 
entirely on long-lived enzymes supplied by the host (DNA polymerases I and 
III, DNA-dependent RNA polymerase, and the products of the host genes 
dnaB, dnaC, dnaD, and dnaZ) (for review, see Scott 1984). It can therefore 
function in the absence of ongoing protein synthesis (for review, see Stauden- 
bauer 1978). Thus, in the presence of antibiotics such as chloramphenicol or 
spectinomycin, which inhibit protein synthesis and prevent replication of the 
bacterial chromosome, plasmids carrying the pMBl (or ColEl) replicon will 
continue to replicate until two or three thousand copies have accumulated in 
the ceU (Clewell 1972). 

Replication occurs unidirectionally from a specific origin and is primed by 
an RNA primer whose promoter Ues about 550 bases upstream of the origin 
of replication (Figure 1.1). Persistent hybrids formed between the template 
strand of DNA and the nascent RNA serve as substrates for the enzyme 
RNAase H, which cleaves the preprimer to generate the primer for DNA 
synthesis (known as RNA II) (Itoh and Tomizawa 1980). The maturation of 
RNA II is controlled by another small, imtranslated RNA molecule (RNA I), 
which is transcribed from the opposite strand of the same region of DNA that 
codes for RNA 11, RNA I binds to RNA II and prevents its folding into a 
cloverleaf structure that is necessary for the formation of stable DNA:RNA 
hybrids between RNA II and the plasmid DNA (see Tomizawa 1984; Dooley 
and Polislqr 1987). This binding between RNAs I and II is enhanced by a 
small protein of 63 amino acids (the Rop protein), which is encoded by a gene 
located 400 nucleotides downstream from the origin of replication (Cesareni 
et al. 1982; Tomizawa and Som 1984). Consequently, the Rop protein 
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reinforces the negative regulation of replication by RNA I (for review, see 
Cesareni and Banner 1985). 

The copy number of plasmids carrying the pMBl (or ColEl) replicon can 
therefore be increased by mutations that weaken the interaction between 
RNAs I and IL These mutations map within the rop gene or within the 
region upstream of the origin that codes for RNAs I and II (for review, see 
Scott 1984). For example, pUC plasmids have a high copy number because 
they carry a mutation (G-^A) one nucleotide upstream of the normal site of 
initiation of RNA I (Minton et al. 1988). This results in RNA I transcripts 
that are initiated three nucleotides further downstream than usual. The 
integrity of the 5' single-stranded domain of RNA I is crucial for the 
interaction of RNA I with RNA II (Dooley and PoUsky 1987). It therefore 
seems likely that the increased copy number of pUC plasmids is caused by 
inefficient binding of truncated RNA I to RNA II. 

In addition to controlling copy number, the regions of the plasmid encoding 
RNA I, RNA II, and the Rop protein also determine whether two different 
plasmids will coexist in the same bacterial cell (for review, see Davison 1984). 
Plasmids that utilize the same replication system cannot coexist stably and 
are said to be incompatible (Datta 1979). When two such plasmids are 
introduced into the same cell, they compete with one another both during 
l-eplication and during the subsequent step of partition into daughter cells. 
Because plasmid molecules are selected at random from the intracellular pool 
for replication, the copy numbers of two different plasmids in an individual 
cell will not always remain equal. Small differences, generated originally by 
stochastic processes, lead rapidly to more severe imbalances in the copy 
numbers of the two plasmids. In some cells, one plasmid dominates; in 
others, its incompatible partner prospers. Over the course of a few genera- 
tions of bacterial growth, the minority plasmid is completely eliminated and 
the descendants of the original cell contain one plasmid or the other, but not 
both. By testing the ability of different plasmids to coexist in the same cell, it 
is possible to assign them to incompatibility groups. Plasmids carrying the 
same replicon belong to the same incompatibility group; plasmids carrying 
replicons whose components are not interchangeable belong to different 
groups. Over 30 such groups have now been recognized (Datta 1979). 

The replicons carried by plasmid vectors in current use are shown in Table 
1.1. Plasmids carrying the ColEl and pMBl replicons are incompatible with 
one another, but they are fully compatible with those carrying pSClOl and 
pl5A replicons (Chang and Cohen 1978; Selzer et al. 1983). The pSClOl 
replicon, which has not been analyzed in great detail, may resemble the 
replicon of plasmid R6-5, from which it is partially derived (Cohen and Chang 



TABLE 1.1 RepUeons Carried by Currently 
Used PMuawaMd Vectors 



Plasmid 


Rqplicon 


Copy niimber 


pBR322 and its derivatives 


pMBl 


15- 


-20 


pUC vectors 


pMBl 


500- 


-700 


pACYC and its derivatives 


pl5A 


10- 


-12 


pSClOl and its derivatives 


pSClOl 




-5 


ColEl 


ColEl 


15- 


-20 
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1977) The R6-5 replicon differs from the others shown ^ Table 1.1 m that it 
cod^ for an essential m-acting protein (Linder et al 1985; Womble et al. 
1985) This protein acts positively on the origin of replication and rebates 
n^atively the transcription of its own gene (the repA genel Plasmids ike 
pSClOl ie therefore under stringent repUcative control and are present at 
only 5 copies per cell or less. Because stringently controlled replication 
requires ongoing expression of a plasmid-encoded protein, the copy number of 
these plasiSds cannot be increased by inhibitors of protem synthesis such 
chloramphenicol. Most cloning tasks are therefore earned out m relaxed 
vec^orbecause they give a greater yield of DNA per unit volume of cultv^ 
and in many cases, an improved yield of protein products synthesized from 
cloned genes. However, under some circumstances the presence of many 
copies of the cloned gene and/or its product "^^7 ^e deletenous^ The^e 
stringently controlled plasmids may then permit the isolation of f\mcbonal 
genes that are lethal when expressed in high amounts fr^f /^f^^^*^ 
plasmid. Examples of such genes include poiA (Murray and Kelley 1979 , 
dnaA (Hansen and von Meyenburg 1979), ompA (Beck and Bremer 1980), 
andgalK (Davison et al. 1984). For descriptions of low-copy-number plasmid 
vectors, see Kahn et al. (1979) and Stoker et al. (1982). 



Under natural conditions, many plasmids are transmitted to new hosts by a 
process known as bacterial conjugation (for review, see WiUetts and WiHans 
1984) However, plasmid vectors in common use lack a gene {mob) that is 
required for mobilization and are incapable of directing their ovm conjugal 
trMisfer from one bacterium to another. Nevertheless, some of the older 
plasmid vectors (e.g., pBR322) can be mobilfeed by a ^^^j^f ^^7^ P\^^^^^^^ 
third plasmid (ColK) is present in the cell (Young and Pouhs 1978). ColK is 
thought to code for a mobility protein that nicks pBR322 at a site (mc) close 
to the cis-acting element bom. Mobilization of the plasmid then occurs from 
this nicked site (nucleotide 2254 in the pBR322 sequence). Newer plasnud 
vectors (e.g., the pUC vectors) lack the nic/bom site and therefore cannot be 
mobilized (Twigg and Sherratt 1980; Covarrubias et al. 1981). 

Seiectahle Markers 

In the laboratory, plasmid DNA can be intax)duced into bacteria by the 
artificial process of transformation. In this process, bacteria are treated with 
mixtures of divalent cations to make them temporarily permeable to small 
DNA molecules. Even under the best conditions, plasmids becrane stably 
established in only a small minority of the bacterial population. To identify 
these transformants, selectable markers encoded by the plasmid are used. 
These markers confer a new phenotype, which aUows bacteria that have been 
successfully transformed to be selected with ease. , . 

The most commonly used selectable markers are genes that confer resis- 
tance to antibiotics such as ampiciUin. tetracycline, chloramphenicol, and 
kanamydn (neomycin). Each of these antibiotics operates through a different 
mechanism (for review, see Davies and Smith 1978): 
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• Tetracycline binds to a protein of the 308 subunit of the ribosome and 
inhibits ribosomal translocation. The constitutively expressed tetracycline 
resistance (tef) gene carried on plasmid pBR322 encodes a 399-amino-acid, 
membrane-associated protein (Backman and Boyer 1983) that prevents the 
antibiotic from entering the cell (Franklin 1967). 

• Ampicillin binds to and inhibits a number of enzymes in the bacterial 
membrane that are involved in the synthesis of the cell wall (for review, see 
Waxman and Strominger 1983). The ampicillin resistance {amp^) gene 
carried on the plasmid codes for an enzyme that is secreted into the 
periplasmic space of the bacterium, where it catalyzes hydrolysis of the 
^-lactam ring, with concomitant detoxification of the drug (Sykes and 
Mathew 1976). 

• Chloramphenicol binds to the ribosomal 50S subunit and inhibits protein 
synthesis. The chloramphenicol resistance (Cm** or cat) gene used in 
current plasmid vectors was originally isolated from a transducing PI 
bacteriophage (Kondo and Mitsuhashi 1964) that was later shown to carry 
the transposon Tn9. The ca^gene codes for a tetrameric, cytosolic protein 
(M^ of each subunit = 23,000) that, in the presence of acetyl coenzyme A, 
catalyzes the formation of hydroxy! acetoxy derivatives of chloramphenicol 
that are unable to bind to ribosomes (Shaw et al. 1979). The expression of 
chloramphenicol acetyltransferase is catabolite-sensitive and is increased 
five- to tenfold when bacteria are grown on carbon sources other than 
glucose. Binding of DNA-dependent UNA polymerase to the promoter of 
the cat gene in vitro is increased markedly by the presence of the cAMP/ 
catabolite gene activator protein (Le Grice and Matzura 1981). 

• Kanamycin and neomycin are deoxystreptamine aminoglycosides that bind 
to ribosomal components and inhibit protein synthesis. Both antibiotics are 
inactivated by an aminoglycoside phosphotransferase (APH[3']-II) with a 
molecular weight of 25,000 that appears to be located in the periplasmic 
space. Phosphorylation of these antibiotics is believed to interfere with 
their active transport into the cell (for review, see Davies and Smith 1978). 

Virtually all plasmid vectors in common use carry one or more of the 
antibiotic resistance genes described above. However, other selectable mark- 
ers are occasionally used for more specialized purposes. Perhaps the most 
elegant of these is supF, the gene that codes for the bacterial suppressor 
tRNA (Seed 1983). This small (203-bp) gene is used in the plasmid ttVX 
(Seed 1983; see Maniatis et al. 1982 for map) and its updated version ttANIS 
(Lutz et al. 1987) to suppress amber mutations in tet"" and amp"" genes carried 
on a second, compatible plasmid. This suppression confers ampicillin and 
tetracycline resistance upon cells containing both plasmids. 
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STABLE INTEGRATION OF DNA IN An object of the present invention is tiicicforc to provide 

BACTERIAL GENOMES s^blc integration of DNA sequences into genomic DNA, 

e.g. die diroiDOsaiBef of bacterial bost cells. 

This ^plication is a continuation of application Scr. No. SUMMARY OF THE JNVENTION 

07/853,701, fflcd May 26, 1992, now abandoned, the coo- 5 • ^ ^« a* «t*w. 

tents of wh^ch axe incorpinrted hecdn by lefcieiice. . The present invenlion is based on the finding that slaWe 

^ ' integration of DNA sequences into the genome of host 

FIELD OF INVENTION bacteria niay be obtained by avoiding the presence of a 

The present invention relates to a bacterial ceU which functional plasmid replication system in the inte^ated 

congirises a DNA construct integrated in its genome, a DNA :o I^NA. 

construct intended for integration in ttie genome of a bac- Accordingly, in one aspect, the present invention relates 

terial cell, a pJasmid vector con^msing the DNA construct, to a bacterial cell which in its genome carries an integrated 

and methods of integrating the DNA construct; into bacterial non-replicative DNA construct comprising (1) a DNA 

gpnomcs. sequence (rf interest, (2) a DNA sequence which is homolo- 

«.«™,»«r^w 15 gous with a r^on of the genome of the cell, and (3) an 

BACKGROUND OF THE INVENTION ^ ^ ^ replication, said DNA construct lacking a fbn> 

When, for the purpose of produdng a desired pcdypeptide tional gene coding fcs a factor lequoed to Initiate xqilication 

by recombinant DNA procedures, bacterial cells are trans- fiom said origin of replication. 

f(»med with a recombinant plasmid vector which carries xn anodier aspect, tiic present invention relates to a DNA 

inserted genetic information coding for said polypeptide, it 20 construct con^idsing (1) a DNA sequence of interest, (2) a 

has often been observed that such plasmids become onstable sequence v^ch is homologous wifb a legton of the 

even though llicy may, in themselves, be stably inherited in genomic of a cell intended for intxoducticMi of the DNA 

tikeccU^Thisinstabil^niay eithertakethefoimofunstable construct, and (3) an origin ofrcidkation, said DNAcon- 

maintciiance of tiie jtomid in the cells so that the pilasnaid struct lacking a fdndionfll gene codii^ for a factor lequiied 

wia eventually be lost from a cdl population, or so that the 25 to initiate rqdiindion from srid 01^ cfrefdicatira. 

DNAcodi^gfcordieprDtdninquestioDm^bedeletcdfrom tiie psesent context, the toxn '^-rcidicative DNA 

the^snoid. Atraditional way of solving theformer problem construcT is intended to mean a DNA sequence whidi is 

has been to grow the tFansfonned cefis under selection xaMe to replicate autonomoa^ and whidi is theid^ 

pressure, that is, ^icafiy in the presence of an antibiotic to replicated togedier witii ttie host cdl genome. The gen<»ne 

wMdifiie cells in question have been made resistant due to 30 comprises tiie itoiiwsome and stabl^^ ioherited eac^^ 

the presence of a gene coding for a product mediating mosomal dements. Tlie torn *1)NA sequence of interest" is 

resistance to that antibiotic on the plasmid transtoimed to ^ indicate a sequence whidi may code for a desired 

the ceUs. This ^yproadi, however, is neither economically igj^^ ^ pcotein product (heterologous or native to Qie host 

feasible in large>8cale production due to the high cost of the cell) or which may in itsdf provide the host cell witii a 

antiiHotics in question, nor is it desirable for environmental 35 ^Qsjied prcpoly, e.g. a mutant phenotype as described 

reasons* The use of antibiotics in culture media also makes |)elow. 

it more difficult to obtain product af^aoval from health ^ homologous DNA sequence may Q^pically be one 

authorities and ti»e Kke. derived from the genome of the host cell, and may be 

Jt has previously been suggested to stabilise plasnuds by homologous with a region of tiie genome wWdi is not 

inserting into tiiem a DNA sequence encoding a partitioning 40 essential for the survival or proper functi<»ing of the host 

function which ensures the even distribution of plasmids to ^ other hand, Ac homologous DNA sequence m^ 

progeny cells on cell division. An altonative method of be so selected that iutegration of the DNA construct of 

addeyisg tiie stable iidicritance of doncd DNA sequences is invention by homologous recombination will lead to a 

to provide for tiie integration of sudi DNA sequences in tiie ^^jj expressing a mutant phenotype (which may then serve 

genome of the host bacterium. Integration of DNA 45 asamaitoforselectionof cellsinwhichtheDNAconstruct 

sequences present on plasmid vectcys may take place by flie jjgj ^^en integrated), fo£ instance if the DNA construct is 

scK:alled "crossing-over** procedure, e.g, as described by A integrated witiiin a transcription unit disrupting tiiis so ttwt 

Campbelly Advances Genet, 11, 1962, pp. 101-145. Accord- ^j^^ gene(s) contained within tiic transcrqjtion unit 

ing to tius procedure, tile plasmid vector is provided witij a oonscquenfly not expressed. The homologous DNA 

DNA sequence which is homologous to a region on tiie 50 sequence may altematively be one ^^h is not native to tiic 

bactaial genome, or altanatively witii two homologous j^^^^^ genome but whidi has been cloned from anoti>cr 

sequences placed on either side of tiie heter^qgous DNA organism or which has been synthesized and subscqucnfly 

sequence to be inti^ted. In a subsequent zeoomtbhiation jjitrodnced into the host genome by any oonveniwt process, 

event, the homologous sequence and adjacent sequences on ^ crossing-over, prior to Oie integration of flie DNA 

tiie vector are integrated into tiie host genome at the r^on 55 construct of the invention. The homologous DNA sequence 

homology. ma^ ^ ojie whidi oompdses or consists essenttaliy of tixc 

in s<ane cases, however, is has been found tiiat tiie DNA sequence of hUonest, whetiier native or foreign to tiie 

iotpgrated DNAsequences are ddetedfrom tiie cdls in tiie host cdS in question (formstance native to tiie c^ in cases 

aibsenoe of selection pressure, for iostanoe 1^ a similar type ^^le it is desired to axBf^ tiie copy number of tiie DNA 

of homologous recombination event as tiiat responsible for 60 sequence of intnest in tiie cell, vide below). It should ba 

the integration tiie DNA. In particular; it has previously j^^i^^ that, in tiie present context, tiie term "homologous" 

been observed that recondnnation between homologous f^gy be defined as a sequence identity of at least 9 oonsecu- 

DNA sequences is stimulated in the proximity of repticative five base pahs. 

S^'r^.^SfalT^il^m^lJ^.S « DBr>Ul^DISaX.SEOFl«EINVEfmON 

39-48; andM. Young andS. D. Ehrlich, J. Bacterial 171(5), AWiough, according to tiie invention, tiie stable hit^- 

1989, pp. 2653-2656, tion of DNAinto bacterial genomes has been demonstrated 
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feplasmids with aparticular type ctfiepllcation system (the Wben the second Grigm is located in tbe same (xicntation 

so-caUed loliiDg circle replication, vide below), it is cur- on the parent plasmid as the first origin, the vanons DNA 

rcntly expected that any plasmids which replicate hy a sequences intended to be hitegrated into the tactCTal 

mcdianism where one or metre trans-acting factors (i.e. RNA genome and located downstream of tiie second cfigin, bm 

cr wotein factors) are reomred to initiate rqpUcation from 5 iipstnsam of ttie first wigin (i.e. the DNA sequence^ 

cis-acting sequences on the plasmid (such ds-acting DNA intacst, and ttie DNA sequence whidi is homologous 

sequences are collectively tenned the origiii of replication) a region of the genome of the cell) will be present on the 

ym be usciful for Ae present pmpose. FictocB which are second progeny vectw following plasmid rephcation. Con- 

necessaiy for plasmid lo^cation will be termed replication tinued cultnring of the transformed ceils may spontaneously 

factors m the following. When the DNA constmct lacks a resuU in Ae integration of said second progeny vector into 

funcHoBal gene coding for a replication factor required by the bacterial genome by hcanologous recombination and loss 

the origin of location contamcd on said DNA construct, (rf the first piogcay vector from the celis wfth a certain 

no active rc|dication factor is produced and, consequently, frequency. 

no replication is initiated from the origis. Tn order to fadlitaCe selection f cr cells in which the second 

JhardertoobtainaDNAconstmctoftiicinventionwhich progeny vector has been integrated in ttie genome, this 

lacks a functtonal gew encoding a required replication vector is preferably provided with a selectable marker. In 

factor, one may either delete the entire gene or modify it in this case, the cells may be cultured under selective condi- 

such a way that it encodes an inactive rq)licalion factor. tions which is to say that only cells m ^ch the selectable 

Sudi modification of the gene may be carried out in a marfeer is maintained will survive. The selectable marker 

manncrtaiown perse by ddction, insertion or substitution of ^ may be a gene coding for a product which confers antibiotic 

one or more nucleotides of the DNA sequence of the gene, resistance to the cell or which confers pcototiophy to an 

or by similar modificatioiis of transcriptional ortranslatlonal auxotrqi*ic strain (eg. dal genes introduced in a dal stram; 

start or stop signals. cf. B. Didcrichsen in Bacillus: Molecular Genetics and 

The rroHcation system outUned above may be utiUsed in Biotechnology ApplicaUons, A. T. Ganesan and J. A. Hodi, 

a mefliod of constructiiig a bacterial ceU of the invention. In 35 Eds., Academic Press, 1986, pp. 35-45). Cells surviving 

one embodiment of the method, a plasmid vector for the under these conditions will cither be cells oontammg the 

present purpose termed a parental vector, is initially con- parental plasmid vector or containing both progpny vectors 

stoictcd. Tlw parental vector conmrises (i) a flist origm of fonned vpon tq>ticalion g£ the parental vector in the oOl, or 

repUcation; (ii) one or mere functional genes enoodhig the ceBs in which the second progeny vector compnsing flic 

reSication fe(*oi<s) required for r^Ucation fiom said first 30 DNA construct of the invention has been inti^ted. It has 

orieitt of repHcation; (iii) a second origin of rcpUcatioo in the suqrasingly been found ttiat fte paiental vector ajid Qie flr^ 

samTorienUtionasthefirstorighKrfrepUcatiomWaDNA progeny vector are eventual^ lost whereas flie second 

sequence of intaest, and (v) a DNA sequence which is progeny vector coznprislng the DNA conslrQCt of the inven- 

h<Mnologous with a region of the genome of a odl intended tion is spontaneously integrated in the host gewnne at a high 

for introduction of die vector, said parental vector lacking a 35 fiwquency. 

fiiDctional gene «icodhig a replication fectOTicqufred for If it is deshed to in^iove the efficiency with which 

replication from flie second origm of repHcation in Ae integration of the DNA construct takes place, one may 

xeglcai between the second and the first origin of replication atilise, as die parental vector, a plasmid whidi is able to 

(hi die above-mentioned oida). It should be noted Oiat, in rq^cate under certahi (penmssive) conditions and unable to 

die nesent context, die lemi '^saddT is also UMded to 4^ replicate under odier (non-permissive) conditions. The plas- 

denote a bacterio^ge or odier DNA molecule capable of mid may, for instance, be cme which is tempcacature-scnsllive 

functioning as an autonomously replicatmg mtiacbcomo- forrcplication.Thus,hianembodiraentofthemethodofthe 

somal element. invention, the parental vcctOT is one which is unable to 

AooGCding to die invention, fliis parental vector may fiien replicate at hicreased ten5>eratorcs, which yet permit growth 

be transformed hito bacterial cdls, and the transfoimcdcdls 45 of die host celL The bacterial cells are initially cultured at a 

are cuhntcd under conditions pamitting rq)Ucation of die tcn^wratare pcamitthig plasmid rq)Ucation and formation <rf 

die two progeny vectors and subsequendy, after integration 



vecux; t-*'©^— ^ ■» 7~ " — 

IbildicilfoB of ltep«e«al vector in the transfomied of the second progeny vertor, coii?>ising the DNA construct 

gl^teto the tan^ rf two diBtoDt piogeny vertors. of tt.e inventton. into Ac ^'"^^ Tn^!! 

^l^on,(u)^oinmt^ '2!2?^f,d!i^lSe toe parenS vector are lost from thScdls. The coltivation at 

Ua^) wqwKd for leplicahon from sdd on^. m SeSolpennissiye temperature is conducted unto selective 

secoBdprogeny ve«« c«npas« W a jecono « conditions to ensure thS only cells containing the integrated 

rephcahon; (iv) a DNA sequence of interest, ^ a DNA construct hidudhig an 8mT<mriate sdeclable marker, 

sequence \^1iich is homologous widi a rc^on of die genome 55 uj>^ cotsituc^ inrauauig «u ih^^^^k? , 

(rfaceUmtendcdforintroductionofdieplasmidvectOT,said wUlswvlve. 

second progeny vector lackmg a functional gene coding for Anottier way of inajcasmg ^^f^^^^^SP 

a repliwScS f«:tor required for repUcation ftom die second and subsequent loss of ^^^V^^'^yj^^^^^ 

SX^Hcation^iiied on S second progeny vecton may be to treat die cells transformed wi& the p^^^ 
■me formation of two piogeny vector nwlecules from die 60 wldi aplasmid-curing 

parent vector may take place by different mechanisms; ddicr 1987. ZbL BakL Hyg. A. 2iS5, 136-145), ate wdturing die 

asa result of die mode of rcf^cation of die plasmid, for host cdls undex selective conditions as described above, 

mstance romng circle replication of single-stranded DNA Bm^ be possible to en^oyrqjIicatiOTorighis from two 

irfasmids (vide below), or as a result of homologous recom- different plasmids c» die same parental vector, provided diat 
bination between die DNAregions indudmg and^or»(8aoent 65 diese are suffiaendy shnilar to each odicr to be fimctional 

to the two orighis of rtsplication present on die pUismid widi die same replication fcctoi(s) wWdi should be able to 

teeter. initiate rqilication fKm bodi die first and die second origin 
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ofiqxUcatioa.AlteEiiatively»the|dasmidvec^ PNA construct discussed above is a bacterial cell which 

tain homologaas re^oos in onJcr to be able to undogo con^mses a first DNA vector corajKising a first wigin of 

homologous recombiiiatioii as described above. It is, rejAicatioo associated with one cs more functional gene(s) 

however, preferred that the liist origin of rcj^cation (and the encoding the factors) required for plasmid rq)Hcation from 

gene coding for the replication factor associated Aercwilh) 5 said first origin of r^hcation, and a second DNA vector 

is derived from the sameplasmid as the second aigin of conqsising a second origin ofn|)lication, as well as a DNA 

replication in order to ensure &at the rq>lication mechanism sequence of interest, and a DNA sequence whict is homolo- 

on which the present invention is based will function opti- gous with a region of the genome of the cell, said second 

jjujjy vector lacking a fanctional gene coding for a replication 

Out of practical considerations, it may be laefeired to 10 factor required for r^licatm from the oigin ctf replication 

make the initial construction of the plasmid vector in an carried on said second vcct<M; 

crcanism in which replication from the first and second In order to obtain an orighi of replication on the second 

origins of rcpHcation cannot be initiated or la which the rate DNA vector which lacks a ftmctional gene coding for a 

of rcpUcation from these origins is very low. The plasmid repUcation factor requfrcd f w repEcation from said origin, it 

vector may ftcrefcre be a shuttle vector provided with an 15 is possible to delrte this gene from the vector or to modily 

additional origin of replication whidi makes the vector able it in fee ways indicated above. In particular when using two 

torcplicateintwodiffCTentcrganisms.Tbeadditional orighi different wigins of replication, the first DNA vector may 

of r<q)lication may, for instance, be oaG which is fnnctional also be provided with a gene coding for a replication factor 

in Escherichia coUy fliis ofganism being well described and required to initiate replication from the second origm of 

oonventionaUy used for recombmant DNA experimentation ^ repEcation. In this way, repUcarion of the second DNA 

and theref<»e suitable for constiucthig plasmids by recom- vector depends on the second rq>Hcatiai factor produced 

tenant DNA techniques. The shuttle vector may also com- from the first DNA vector, and die second vectCM: becomes 

prise an additional selectable marker, e.g. an antibiotic non^epUcative when the first vector is lost firom the celi 

resistance gene, for selection of the vector in E. coli. The However, the first and second origin of iqiHcalioB may also 

additional origin of replication and selectable marker should 25 ^ derived from the same plasmid, in whidi case only one 

preferably follow the first origin and/or the replication gene coding for an intact replication factor is requfecd on flie 

factcr(s), but precede the second crigm so that, on replica- first vector. 

tion of the vector from the first and second arig^bas, these Alfliough, for the purpose of the present invention, flie 
additional scquaices will be earned by the fiist progeny bacterial oeM into which the plasnnd vertor or the fir st and 
vector which is eventually lost firam flic bacterial cell 30 second DNA vector are transfticmed may be boft gram- 
transformed with the parental vector. negative and gouft-positiVB, it is prrfeaaldy a cdl of a 
In an alternative method of i»odudng toe bacterial cell of graitt-positlve bacterium as it is general^ easier to obtahi 
the hjvention, host cells are transformed with a first DNA cxtraccOlular ^pression of polypqitides from gramiiositive 
vector comprising afirst orighi of rq>UcatloD associalcdwifii oiganisms tfum from gram-negative ones. Thus, the bacte- 
8 functional gene encoding a factor required for plasmid 35 may be ctf a strain belonging to flie genus Badlfas or 
nmUcatioD from said first origin of replication, and subse- Strcptomyces, in particular a strain of BacUlus Uckemforms, 
quenttyorstomltaneousty,l>ycotiansfcnnalion,withasec- Bacillus lentus. Bacillus brevis. Bacillus 
«md DNA vector conuaisiiffi a second orighi of repUcation stearothermophilus, Bacillus alkalophilus. Bacillus 
lacking an assodated flmctional grae woding a factor amyloUqu^aciens, BaciUus coaguians, BadUus subtilis or 
required for plasmid rqEdicali(mfr<Hn file second origin of 40 Sni^ton^s Uvidans. 

refdicaiion, as wdl as a DNA sequence of interest, and a The present invention is currently believed to be the only 

DNA sequence which is hranologous with a region of the effidcnt method of providing stable homologous integration 

genome of the cell The second DNA vector is also prefer- of DNA sequences of interest in genomes of bacteria whidi 

ably provided with a selectable marker. Tlie resulting cells cannot be transformed by bdng made compeHtsal (or, at least, 

containmg the first and second DNA vectors are then 43 in whidi natural compkence medianisms have yet to be 

cultured, preferably under selective conditions as described demonstrated), but which may be transfCTxned by techniques 

above, which eventually leads to integratiOT of said sec<»d including, for instance, protoplast formation or 

DNA vector into the bacterial genome by homologous electropwation, e.g, certain strains of Bac/flH^/ZcAe/f^/Tw* 

recombination and loss of the first DNA vector for whidi or BadUus lenm. The present method is therefore of 

there is no sekction. As in the method described above 50 particular intaest with respect to such caganisms in whidi 

initially era5)loying a single plasmid vector, tibe first DNA the transformation frequency is low, typically 10-50 trans- 

vectOT may be <me the replication of which is dcp^ident on f OTmants per pg of DNA (contrary to, e.g., transf ocmation of 

permissive and non-permissive conditions for culturiiig cells conD5>ctent K colior& subUlis ceils, where the number of 

transformed with toe vector. Thus m the mcfliod of the transfomants is typically on the order of lOMC per fig of 

invention, the first DNA vector may be one which is unable 55 DNA), which makes fiiesucessftd transformation and stable 

to replicate at increased temp^atures, whidi yet pennit integration of DNA in diese organisms pactfcuhuly i^^)or- 

growth of the host cells, and the bacterial cdls are initiaUy tant. 

cultured at a temperature permitthig plasmldreplication and fa the bacterial cell of the invention, the DNA sequence 

subsequently, after integration of the second DNA vector of hiterest is advantageously one wUch codes for a polype 

into the bacterial genome, cultured at a temperatuie which 60 tide of interest, and die pres^ invention consequently 

does not permit plasmid rcplicaticm so that fiie first DNA IMier relates to a process lor producing a polypeptide of 

vector is lost fyam the cdls and under sdective ccmditions so intearost, oonqjiising culturing a tiacterial cell according to 



fiiat only ceils in which &e second DNA vector is integrated, the invention containing an integrated DNA sequence whidi 
are aUe to survive. I^milarly, the transfinnned cells may be codes for said polypeptide under conditions coiidudve to the 
treated with a plasmid-ciiring agent as described aibove. 65 production of the polypeptide and recovering die resulting 
An iDtemediate f onned m boOi of fite metbods of con- pdyp^<le from the culture. The po^^pqilide produced 1^ 
stnictbig a cell containing file integitated non-replicative flie present process may be any po^nP^<^^>i>^^sly 
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produced in bacteria such a$ an cazyme, e.g. a protease^ depends entirely on the Rep protein siq^lied in trans from 

amylase or )ip^o. either fee first progeny vector or fiom the parental vector, 

Altcxnatiyely, the two progeny vectors could also be 

DESCRIPnON OF HOTERRHD ^^^^ ^ ^ ^ recombination between the hwnolo- 
ra^BODIMENTS OF THE INVENTON 5 gous DNA regions including and/or adjacent to the two 

A Iwge famUy of {dasmids from gram-poative bacteria origins present on the parental vecto*. 

xeplicate by the so-called *VoUing drcle replication'* mecha- A second progeny vector without a functional repUcation 

nism generating single-stranded DNA as a r^Hcation inter- mgin may be fcxmed if the first plus origiD in the parental 

mediate. Rq>Hcation is initiated when a plasmid-encoded j^mid described above is rq>laced by a small DNA frag- 

protein, Rep, recognizes an odgLO of r^Iication sequence ment derived from the origin r^on wMch is sufficient to 

(the plus origin) and produces a mdc in one of &e DNA ensure termination of plasmid rcfdication but too small to 

strands (the plus strand). Hie plus strand is then di^laced, constitute a functional origin. Such fragments have been 

and a new plus strand is polymerized from the nick by 3'-0H identified in pUBllO (Boe H al., 1989, J. Bacterid., 171, 

extensi(Ht When the Rq) protein snbsequentily recognizes a 3366-3372) and in pC194 (Gros et aL, 1987, EMBO J., 6, 

teiminatioa sequence (which ovcriaps the plus origin), it 3863-3869). 

produces a second nidc at the same position as the first one The bactcnal cell may ahematively be constructed by a 

to generate a fully replicated strand and a single-stranded method of the invention ccmprising transfonning tiie host 

DNA monomer of the displaced strand flie ends of which are cell with a first DNA vector ccanjiising a first plus origin of 

ligated to fona a circular molecule. Host factors ^n ensure replication from a single-stranded DNA plasmid associated 
tije conversion of the single-stranded DNA molecule to ^ ^ith a functional rep gene, and subsequently or 

double-stranded DNA (for a more detailed description of simultaneously, by colransfoxroation, transforming the host 

this type of plasmid, see A. Grass and S. D. Bhrlich, cell wifli a second DNA vector comprising a seomd plus 

MicTubiological Reviews 53(2), June 1989, pp. 231-241). OTigm of rcpHcation from a singlc-strandcd DNA plasmid 

For the present purpose, plasmids with ^s replication lacking a functional icp gene cognate to the second plus 

system are tenoed single-stranded DNA plasmids. origin of replication, but con^sing a DNA sequence of 

It has suxprisingly been found that the rolling drcle interest, and a DNA sequence which is homologous witii a 

replication mechanism may be utilised according to the regi<Hi of the geoooie of said cdl. Hie second DNA vector 

invcnti(Mi to produce a bact^ial cell according to the inven- is maintained in tiie cell due to tiie presence of protein 

tion which harbours a DNA construct con^iising, apart supplied from tiie first DNA vector, 

from a DNA sequence of interest and a DNA sequence when tiie parental vector or second DNA vector com- 

whicfa is homologous to a region oi tiie gewmie of flie ceD, prises a modified rq> gene, the second pixa origiD may 

a plus orighi of replication from a sin^te-stranded DNA ptecede or be located in the modified rq> gene. As described 

pUsznid, lacldDg a fuDctiooal rcp gene cogDate to tiie phs above, tiie second phis origin may be dojved from (he same 

origin of replication. 3^ or a different plasmid as the fiistf^s origin. In cases wheie 

This bacterial cell may be constructed by tiie metfiod of the first and second plus (»ighi$ are derived frcan different 

the invention using a parental plasmid vector widdk com- plasmids so that replication wiU not be initiated from both 

prises (i) a first plus origin from a single-stranded DNA origins by means of the same Rep proteiD, tiie first DNA 

plasmid; (ii) a functional zed gene cognate to tiie first plus vector may additionaiUy contain a rqp gene encoding an 

origin; W a seoondplos origin from a ain^stranded DNA ^ active Rep protein capable of initiating nplicaticm from tiie 

piasmidin tiie same orienCation as the fiistplns origin (iv) a seoHid pins origin. The pax^Nital vector or second DNA 

DNA sequence of interest, and (v) a DNA sequence whidi vector may also comprise a selectable marioer as described 

is homdogoos witii a region of ttie genome (tf a cell intended above. 

for introduction of the plasmid vector, said parental vector iq a favoured embodiment for promoting the integration 

laddng, in die region between the second and the first plus 44; process, a vector may be eixq>loyed the replication of which 

origiD in tiie same orioitation as above, a fimctional red gene is dqpendeot on pomissive conditions, including tiie tem- 

oognate to the second plus origin, peratore at which host cells are cultured. Hius, when a host 

On nplication cS the paresitail vector, tiie first and seocmd bacterium containing the first and second DNA vectors is 

progeny DNA vectors are fanned, presumably by tiie M- cultured at the permissive temperature for plasmid 

lowing UKCfaanism: so replication, the Rep protein prodnced from the first DNA 

The Rep protein initiates n^lication hy piodudng a nick vectcff wiU serve to maintain tiie second DNA vector in tiie 

at tiic first pins origui, and proceeds to make a nick at tiie cell, However, at non-permissive tCTopwatures at which tiie 

second plus orighi. The displaced strand is reHgated to form first DNA vecto- is unable to rcpHcate, the first vector and 

a first progeny vector comprismg a first plus origin of consequentiy tiie Rep protein produced from it wiU be lost 

replication from a sin^c-stranded DNA plasmid and a 55 from tiie ceU so tiiat tiie second DNA vector is no longer able 

functional red gene cognate to tiie first plus origin. Similarly, to rtplicate dtiier. By continued cultivation under selection 

ttie Rep protein proceeds from flie second plus OTigin to pressure, e.g. in tiie presence of an antibiotic, only tiiose 

make a nick at tiie first {rtus origin tiius formmg, on cells survive which in fliefr genome contain flie Inscsted 

reBgation of tiie displaced strand and conversion of die DNA construct of tiie invention, indudmg a gene coding ftir 

single-stranded DNA to double-stranded DNA, a second 60 a selectable marker. 

progeny vector con^nising a second plus origin of replica- It should be noted that once the DNA constmct has been 

tion from a single-stranded DNA plasmid lackhig a funo- integrated in the genome of the host cell, tiiis may be 

tional gene ct^ate to tiie second plus origin of cultured in the absence of selection pressure without coa- 

rejdication, as well as a DNA sequence of interest, and a sequent loss of the DNA constract or parts tiiereof from tiie 

DNA sequence which is homologoos widi a r^on of tiie 65 cell. This is believed to be ascribable to the fact that the 

genome of said celL As tiie second progeny vector does not integrated DNA is incapable of autonomous replication, but 

Gonqnise a frmctional xcp gene, replication of tins molecole is rq>ficated togeflier witii the host genome. The lack of 
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autonaiiious rqAicatlon of the mtegiated DNA iiD(^es that 
there is no f osmation of the singlo-stxaiuied DNA intenne- 
diate whidi is beHeved to be lesponsiUe fw the leooiaAA- 
natlon inocess whereby iotegrated DNA is excised from tht 
host genome (cf. Ph. Noiret et aL, 7. MoL Bltd, 196, 19S7, 
^ 39-48; and M. Young and S. D. Ehdich, 7. BactmoL 
171(5), May 1989, pp. 2653-265^. 

It has been fonnd possible to ean^pUfy the integrated DNA 
oonstiuct by culturing tnutsframed odDs under increased 
selection psressve, e.g. at increased oonoenfiatLOBs of an 
antibiotic. S has previously been found (ct) tt^t in <he 
absence of sdection pcessoce sodh amplified copies are 
frequently lost from tiie ceils. Contrary to this, tbs present 
invention provides a bactcriai ocU in wiiicb anqdified copies 
o£ integrated DNA sequences may be stably maintained in 
host cells because, as explained above, the integrated DNA 
is non-repHcative. Although the present invention has 
maiidy been described above as suitable for the integration 
of heterologous DNA sequences, it shcnld be noted diat the 

pcesent method is also suitable for obtainhig an anplified pBp64: desoibed in Gryczan et aL, 



followed by a second origin of leplication (ori2), a DNA 
sequence of interest (e.g. amy), and a sclectioo marker (e.g. 
bm). FIO. 32B shows the 8egregati<Mi of the pilasmid of HG. 
32Aonx^]icatk>n. HG. 32C shows the host cell containing 
the intc^ated DNA. HG. 32D shows the host cell contahi- 
lug the integrated DNA after selection with kanamydn. 
In an figures, axrows denote the direction of transaiptlon. 
To impioye readability the r^Hcaticmal ongins (-foii 
pUBllO, +Qn pE194, odpUC19) are indicated by the actual 
start site for replication, even tfaouj^ a toctional atigin 
consists of a larger DNA regicn. 

The invention is further described in the following 
examples which are not intended to be in any way limiting 
to file scope and spint of the invention as dauned. 



MAUBKIALS AND METHODS 



Hasmids 



1980. 



copy number of a gene which is homologous to the host ceil 
in order to increase its production of a spediic gene product 

BRIEF DESCRIFnON OF THE DRAWINGS 



30 



35 



40 



The invention is further Illustrated with reference to the 
accompanying drawings wherein 
HG. 1 shows a restriction map of plasmid pDNSOOO, 
HG. 2 shows a restriction map of plasioid pE194, 
FIG. 3 shows a restriction m^ of plasmid pEL1975, 
HO. 4 shows a restzictifa map of plasmid p!S?C120, 
HG. 5 shows a restriction map of plasmid pFL2002, 
FIG. 6 shows a restriction m^ of plasmid pDN30$0, 
HG. 7 shows a restriction map of plasmid pSJ1085, 
HG. 8 shows a restriction soap of plasmid pUC19, 
FKj. 9 shows a restriction map of plasmid pSJllOS, 
HG. 10 shows a restriction map of plasmid pSJ1130, 
HO. 11 shows a restriction map of plasn^ld pSJ1136, 
HG. 12 shows a restriction map of plasmid pSJ1137, 
HG. 13 shows a restriction map of plasmid pEL1484, 
HG. 14 shows a restriction map of plasmid pSJ1155, 
HG. 15 shows a restriction map of plasmid pSlli57, 
HO. 16 shows a restriction map of plasmid pSI12S9, 
HG. 17 shows a restriction map of plasmid pDN2904, 
HG. 18 shows a restriction map of pl^mid pSJ1139, 
HG. 19 shows a restriction map of plasmid pSJ1139a, 
HG. 20 shows a restriction map of plasmid pSJ1139b, 
HG. 21 shows a restriction map of plasmid pdn3020, 
HG. 22 shows a lestrictirm map of plasmid pPL1878, 
HG. 23 shows a restriction of plasmid |]FL1896, 
HG. 24 shows a restriction map of plasmid pSJ993, 
HG. 25 shows a restriction map of plasmid pSJ1163, 
HG. 26 shows a restriction map of plasmid pSJ1136a, 
HG. 27 shows a restriction map of plasmid pSJ1165b; 
FKj. 28 shows a restriction map of plasmid pSJ1259a; 
HG. 29 shows a restriction map of plasmid pSJ1555; 
EEG.30 shows axestriction map of plasiiddpSltS55a; and 
HG. 31 shows a restriction map of piasmid pSJlS5Sb. 
HG.32A shows a odltiansfonned with a sii^ plasmid 65 
vector which has a first origin of pUismid rqdication (oiil) 
followed by (he gene coding for the r^lication factor (rqp). 



pDN3060: A donii^ vector derived from the Badllus plas- 
mid pDNlOSO (Didcrichsen, B., 1986) by insertion of 
synthetic oHgonudeotides containing a number of us^nl 
restriction sites. Hie restriction map is shown in HG. 6. 
25 pDN2904: A derivative of the Badllus plasmid pUBllO 
(Qryczan et aL, 1978), containing both a cUonux^hettiool 
resistance gene and a kanamydn reristance gene. The 
restriction map is shown in HG. 17. 
pPL1484: ApUC19 (Yanisdi-Pciron et aL, 1985) derivative 
containhig a modfitd polylinJto region into whidi was 
inserted a 1.4 kb BamHI fragment from pDN2904 con- 
taining the Icanamycin resistance gene. The restriction 
map is shown in HG. 13. 
pFL1878: pDN1380 (described in Diderichsen and 
Christiansen, 1988) containing a 2.4 Id) Haell-SphI frag- 
ment encoding a Cydode^itrin Glycosyl Transferase 
(CGTase) originating from Thermoanaerobacter sp. 
ATCC 53627. The gene was initially doned into tiie E, 
cott plasmid pBR322 on a 12.8 Idi EccKI fragment 
(Stames et aL, 1989). Hie restriction map is shown in 



45 E,con SJ 6: a restriction-d^ldrat derivative of MClOOO 
(Didcridisen et aL, 1990) BaciUus mibm DN188S: an 
mc/B, vmiBly spo\ Pro"*" derivative of B. submis 168. 
(Dideridisra et aL, 1990). 
BaciUus sUbUlis DN1686u\ spo derivative of DN1280 con- 
taining a chromosomal deletion in the dal gene 
(Dideridisen, 1986). 
Bacillus Uchfmformis ATGC 9789 
Bacillus letOus NOB 1Q309 



50 



55 



60 



Media 







Itotft extract 


5ga 


FeCt^HjO 


6 msfl 




1 mg/l 


MgS04.7H20 


15 wifX 


pH 


73 


As TY me^ bat the pH w«s uQustsd to 8,5 


by adcfing NaHCO, (0,UQ 








Yeast cadnct 






6 wg^ 







1 wg^ 




MgS04.7H20 


15 mgn 




Bacto agar 






Adrasted to pK 9,$ wifli NaBCO, (Cg3d) 


BFX: 


Potato starch 


100 $/l 




Bad^ flour 


50^ 




BANSOOOSKB 


0.1 ^ 




Sodium caseinate 






Soy Bean Meal 


20 «a 




NazHP04, I2H3O 








0.1 s/l 


LBngan 


BacttMiyplQW 


10 0^ 


Bacto yeast extract 


5 gfl 




NaCl 


10 I/I 




Bacto a^ 


15 «n 




AcSuBted to iH 7.5 mOi IftaOH 
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foUowiDg oligonucleotide sequence (prepared by the phos- 
phoaimdite methoii described by Beaucage and Cani1hers» 
TetrehedTvn letters 22, 1981, pp. 1859-1869, on an anto- 
matic DNA synthesizer) (SEQ ID NO:l) 
S AATTGATCAAGCTTTAAATGCATGCTAG- 
CV^CGCGGCCGCCAACCTCGAGATCrCATG 
CTAGTTCGAAATTTACGTACGATCGT- 
TGCGCCGGOKnTGGAGCrcnAGAGTACTrAA 
into the linearized pUC19 followed by ligation. The ligjdion 
10 mixtoic was then used to transfoim competent E,coU S76 
cells and transfonnants were selected on LB iilates contain- 
ittg 100 ugM ampiciHin. The odeotati<»i of the inserted 
linkxx in pDN3000 is as indicated by the orioitadon of the 
r6Stri<^on sites in ¥S3, 1. 
15 Flasmid pFL1975 was constrncted by restricting 
pDNSOOO with Bgm followed by ligation of this fineazized 
plasmid to the Mbol £ragment cootahiiiig ti» DNA from 
GENERAL METHCNDS position 1 to 1585 lesnUing &<»nre8tricti<» of pB194 (HG. 

_ , . J * . ► *u 1- 2» Horinoacbi and Wdsblum) wifli MbdL The Ugprtion 

The expmmentel techniques used to c(Mismict the pl«- ^ ^^^^ was fliCD used to transform competent KcoU SJ6 
nnds were standard techniques within the field of rccon^- andtiansfamants were selected on LB plates contain- 

nant DNA tedmology, cf. X M«uf tis et ^^^^^^ w loo ugAnl anmidmn. The orientation of die connection 
Clomng: A Laboratory Manual, Cold Spnng Hartw, N.Y, fragments is as indicated in HG, 3. pEL1975 

thus contains a functional E, coU replication origin and a 
Restriction endonucleases were purdiased from New pE194DNAfraginent comprising an intact plus origin (fori 
England Biolabs and Boefaiingci Mannhdm and used as pB194) and a tnmcated rqxP gene (repF) ( VHlafiBtte et al., 
recommended by die manufacturers. T4 DNA ligase was 1987). 

purchased from New ^giand Biolabs and used as iccom- pusmid pPL2002 (HG. 5) was constructed by restricting 
mended by the manufacturer. pPL1975 (HG. 3) by EcoRI and BamHZ and ligating the 

ncq>aration of plasmid DNA from all strains was con- 30 linearized plasmid to the 3<3 Id) EcoRI (partial), BgUI 
ducted by the method described by Kieser, 1984, fragment from pSX120 (HG. 4) containing the subtilisin 

Transfomiation <^ E, coU 309 gene and die cat resistance gene. The ligation mixture 

Cdls of E, coU, were made competent and transformed as was dien used to transf onoa competent E, coU SJ6 cells and 
described by Mandd and Higa, 1970, or were transformed transfcnnants were selected on LB plates containing 100 
by electroporation as described in the manual for the BIO- 35 ug^ ampidllin. 

RAD Gene Pulsear electroporation ^iparatus. stable integration of the pPL20Q2 plasmid into the dnomo- 

DransformatioD of B. subUUs some of B.lentus, 

Competent cells were prepared and transformed as An isolate of the B.lentus strain NOB 10309 was trans- 
described by Yasbin et aL, 1975. formed by protoplast transformation widi the tenqwature 

IVansformatlon of B. Uchenifomus 40 sensitive plasmid pB194 (See HG. 1) selecting for eiyliDX)- 

Plasmids were introduced into B, Uchen^omOs by poly- mydn resistance (5 ug/ml) at 30" C. (permissive 
ethylene glycol-mediated protoplast transfomiation as teaopecaturc). The resulting stndn was denoted FL2156. 
described by Akamatzu, 1984. n^l56 was then protoplast fransitoned with tfie plasmid 

Ttansf ormation <A Rlentus pFLlO02 selecting for dilaramphenicol resistance (8 ugM) 

Plasmids wens introduced into BMam by protoiptost 4s and erythromycin redstance (5 ugtail) at 30^ Ciesulting in 
tiansfonnation according to a aliglilly modifledpiocedore by the strain PL2157 containing the two fdasmids p6194 and 
Akamatzu(198^.Th6modificati(Mi5waeahigberpHinthe piFL2002. Di these cells the ie|>lication of (he plasmid 
regeneration medium eg. ttie HCP 1,5 medium were bnfif- ptHL2002 completely dq>ends on the presence of the plasmid 
credlopH8»5byaddiQgG,]MNaHC03tDffaemedium. pjBl94 i;(Mch encodes the for the pH20Q2 rcpfication, 

50 indispensable r^cation protein repp. 
EXAMPLE 1 Tjje 11^157 was grown overnight in Ty9 medium 

C5*«t.i. « y^^^r^Mn^^m iwA dUutious werc plated on TY9 plates at 45' C. 

restance (lU ug/ml). 

Cloning of the Si^tUisln 309 gone 55 One of these chloramphenicol resistant colonies was 

The gene coding for the protease designated subtOisin 309 denoted PL2158 
was cloned from an isolate of the B.ierOus strain NOB Southern hybridization showed that, in die strain H2158, 
10309 as described in WO 89/06279. Further subcloning the plasmid pPL2002 was integrated ioto the chromosome 
lesolted in die plasmid pSX120, which cwitains die repU- by homologous recomhlnalion between the plasmld-borae 
cation origin of pUBllO, the chlorampheniool resistance 60 and chromosomal subtilisin 309 genes and diereafterampli- 
gene (cat) ftompC194, two promoters P^^^ andP^^ and fied to approx, 4 copies. No evidence of complete pB194 
the gene encoding for the subtilisin 309 protease. (See HG. plasmid sequences was detected. 

4 and International Patent Afplicatlon No. PCr/DK9G/ The stability of die chromosomally integrated cof^es of 
00154) pH-20Q2 in strain PL2 158 was tested in large scale f ennen- 

Ccmstruction of die integration i^asmid pK^002. 65 tations (1500 1) without any antibiotic. 

Plasmid pDN3000 was constructed by restricting pUC19 After fcrraentation saniples were dihited and plated on 
(Yaniscfa-Par<Mi et al. ) with EcoRI and Inserting die Ty9 i^ates and 100 colonies were replicated to TY9^ates 
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GontainiDg 10 ugftnl ctacfan^h^iicol. 98 of Ae tested wife SphL The resnltiiig pUsmid pSJ1139 contains a 

colonies were stiU resistant to ddorampheiiicol indicating pUBllO origin associated wifli a tnmcatcd icp gene and a 

thaltheplasiiiidpFL2002 was still integrated in Ac du:o- pUBllO origin assodatcd with an intact red gcoc. 

mosome. 20 of Acse colonies were then tested by Soutihezn mA\m u q 

hybridisation ^cb showed that the plasmidpPL2002 was 5 fiXAMfUSJ 

f^^iliilS^;!^'^ F<^ti^ ^^P'o^^^y X>NA vectors fromplasmids 

4 copies) in aa of the tested colonies. containing two pUB 1 10 origins of repUcation in 

EXAMFIE 2 BaciUus subUUs 

Construction of plasnrid vectors cootaiidng two Plasnud pSJ1139 (HG. 18) (prepared from K coU 811139 

pUBllO origins of replication in a manner known per se) was transformed into B. subtiUs 

« ^^A^^ DN1885 selecting for kanamycin resistance ( 10 MgW), and 

Plasmid PSJ1085 (FIG. 7) was constructed by lestncting p^^^ pw^ed ton several transfarmants. 

pDN3060 (containing an origin of replication (+ on y^g^,^ gd electrophoresis of these plasmids, whether 

pUB110)andr^gene(rcp)liorapUBU0,andadilwam- 15 ^digested or digested with a variety of restriction enzymes, 

phenicol resistance gene (cat) from pC194) wiA BamHI and ^^^^^ presence of two smaUcr DNA molecules of 5.1 

BcoRI and insating the f oUowing ohgonudeotide ^uenoe ^.4 kb, icspcctivdy, as well as a smaU amount of the 

^qwed by the phosphoamidite method desmted by ftjii.ieng^h plasmid pSni39 of 7.5 kb. The restriction pat- 

Beaucage and Caruthcrs, Tetrahedron Letters 22, 1981, ^ obtained were the expected ones for formation of the 

1859-1869, on an automatic DNA synthesizer) (SEQ ID 20 progeny vectors pSJ1139a (FIG. 19) and pSJ1139b 

N0S:2 and 3) /pjQ 20), either by hraoologons crossing-over between the 

AATTCTGCAGATATCAAGATAAGAAA- two rep-sequences on pSJn39 OT by the action of the Rep 

GAACAAGTTCCXj protein whidi produces a nick at fte pUB 110 phis-origin in 

GACGTCTATAGTTCTATTCTTTCTTGT- the pins DNA strand which is then displaced and recircu- 

TCAAGGCCTAG 25 larized as described in A. Gruss and S. D. Eriich, op. dt 

into the linearized pDN3060 followed by ligation and trans- ^ese mechanisms could lead to the same two progeny 

fnmalion of ^. subtiUs DN1885. vectors. 

Plasmid pSJ1103 (FIG. 9) was constructed by restricting rj^^^ vcctais were further analyzed by retiansformatioii 

pSJ1085 (HG. 7) wiflj BcoRI and insertmg the entire ^^^^ ^ ^^^^ DN1885, and plating on LB plates 

linearized plasmid into the sinrilariy restricted jdasnnd 30 containing either 10 ngtol kanamycin or 6 ^^wl 

pUC19 (FIG. 8) followed by Hgalion and tranrfoiination of chloramphenicol, foUowed by i^ca plating of eadi plate 

K coU SJ6. The resulting plasmid pSJ1103 contains dieptas ^ ^^^^ containii« the other antiliiotic. Vectors 

origin andrcp gene firompUBllO, fee cat gene fiampC194, isolated from each type of transfoimant and 

the pUC19 origin of replication (on pUC19X and fte analyzed by agarose gel elcctrcphoccsis with the foUowing 

p-lactamase (ampicUlin lesistance) gene (bla). 3S ^^g. 

J^d^i^^ ^^-JJ^^TiLJ^^SiS^^ TYansfoimants resistant to bo& ddoramphenicol and 

(EiG.9)ly ddc^ga ^^^^^^ kaaamydn contain all three vector spedes(pSJ1139 of 7.5 

resulting in a pUC19 plasnud oontahmig a pUBllO ptos- psjn39a of 2.4 Id) and pSJ1139b of 5.1 ld>). -nansfcr- 
orig^ «^V, W'!^-^/'"' 40 ^^i^sf^t to chlorami^ol and sensitive to tona- 

transforaiedimo^** we. ^ « only contain pSJ1139b, TVansfonnants resistant to 

"l/*? ^^^Hindin ^'f^^J^'lfF^ kiamydn but sensitive to diloramphenicol were not 

contahmig the ^us-on^ ^"T^^^^t^ T% %f^ obtain^ Tho smaU progeny vector pSJn39a of 2.4 kb is 

was then msoted into the unique Hmdiu site of pSJ1130 ,*«i£«tr A«wminn«iv r smhms 

(FIG. 10), and the ligated^pl^d was transformed into «hus not able to replicate autonomously in B. ^tUU 

E,coU SJ6, resulting in pSJ1136 (FIG. 11). In this 45 EXAMPLE 4 
experiment, the fragment happened to be inserted into 

pSJ1136 in two tandem copies. One of diese copies was Stable integration of a non-refilicative DNA 

subsequently deleted by digestion of pSlll36 with Nsil, miolecale in the J3. sv^MUs duromoscnne 

religation of the 5.1 Jd> fragment and transformation of £^ . . , . 1. 

coUSi^. resulting in pSJ1137 (HG. 12) which cwitalns one 50 Construction of a B. subUUs stram a>ntainijig one duo- 

pUBUOoiginnexttoatruncatedn^geneandoneptJBllO mosomal copy of a cydodextrin glycosyl transferase 

origin next to an intact rqp gene. (CXjTase) gene ^ 

The gene encoding kanamydn resistance (kan) was The CGTasc gene (CGI) was excised from plasmid 

excised from plasmid pPL1484 (HG. 13) on a 1.4 Jd> S|AI pFL1878 (HG. 22) on a 2.5 1d> BamHI-SphI fragment and 

fragment and inserted in eadi of fee two possfcle orienU- 55 ligated to the BamHI-^hl digested plasmidpDN3020 (FIG. 

tions into the ^ site of pSJ1137 (FIG. 12), followed by 21) to fern plasmid piFL1896 CPIG. 23). p0N3O2O is a 

transfcHmation of coU SJ6, resulting in pSJ1155 (FIG- 14) derivative rfpDN1313 (Didcridiseii, 1986), conslnicted by 

andpSJ1157 (HG. 15), icspectivdy. pSJ1157 contabied tiie inserthig a syntfietic SpU-contahiing digonncleotide finte 

kan gene in two tandem copies. One copy was excised with (prepared as described in Bxanople 1 above) into the EcoRI 

BamHL and the 63 kb fragment xeBgated and transfonned fio site ctf idasmid pDN1380 (Dideridisen and Christiansen, 

hito E, cdi SJ6 to form pSJ1259 (FIG, 16). 1988) resulting in plasmid pDN1620, The promoter region 

FlasmidpSlll39(FIG. 18) was ooDStructed in the follow- from a maltogenic amylase from B. 3teawthewu?phUus 

ing way: The Bacilltts plasmid pDN2904 ^IG. 17X con- (PamyM), present on pDN1620 (B. Diderichsen and L. 

taining a chk)!ranq}heniocl resistance gene (cat), a kanamy- Christiansen, op. cit) was then transferred to SfM-BamHI 

dn resistance gene (kan) and die pUBllO ^us-origin with 65 digested pUC19 on an approximately 200 bp BamHI-SphI 

die c(»responding gene was digested with Spbl and fragment resultmg m plasmid pDN2977. The promoter 

Ugated to pS J1130 (MG. 10) which bad also been digested regiwx was excised from pDN2977 on an appicxhnale^ 200 
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hp Bgin-Sad fragment which was inserted into the fcb pSJ1163 ncn: the 4.1 kb progeny vector molecule 

polylinker region of pDN13 13 > thereby generating plasmid pS J1163b were present The kaDamycin<esistant, plasmid- 

pDN3020. The CCTTasc gene on pFL1896 is flanked by two free strains we» loq^t for furflier expenmcnts as SJ1223 and 

fragments ofB. subtUis chromosomal DNAindicated as dal SJ1237. 

and dfs in FIG. 23. dal is die gene encoding DJUalaoine 5 Amplification of integrated DNA 

lacemase of B. subtiUs (Diderichsen 1986). By selecting for growfe in TY medium containing gradu- 

Plasmid ptH:.1896 was transformed intoB, subtUis strain ally inacasing concentrations of kanamydn, strains w«pe 

DN1686. When selecting solely for Dal* transfoimants, isolated that were able to grow in 20, 50, 100,200,400,600, 

scvwal strains were obtained that were chloramphenicol 800, 1000, 1200, and 1400 jig^ml kanamydn. In chrOTno- 

scDsitxve, CGTase^ They were formed by a double homolo- 10 somal DNA from strains resistant to above about 400 ug/inl 

gous crossing-over between pPL1896 and tiie DN1686 kanamydn, digestions with Nhel or Nott revealed a DNA 

chromosome, as described hi Diderichsen, 1986. One such band of the size expected from digeslioD <^ flie 6.4 Id) 

strain is FL1897, containijig a chromosoEmafly integrated progeny vectcH-pSJl 163a with &ese enzymes, lliis band did 

copy of the CGTase gene. not ^rpear in digests of DNA prepared from strains wMi a 

Constniction of an integration vector contahdng the CXjIte is lesser degree of kanainychi resistance. A consennitivc esti- 

geoe mate would be Chat at least S-10 oopies of the integrated 

The CGT^e gene was cxdscd frran pPL1878 (FIG. 22) DNA wctb present when Ibis band appeared. 

ona2.5kbBamHI-NotIfragment Anexpression vcctorwas Stability of integrated YXAK 

constructed by inscrthig a 0.6 kb SphZ-F&fl fr'agment con- Sirahis resistant to 400 pgAcl kanan^dn were grown for 

taining the promoter region of the a^a-amylase gene 20 one week at 37° C in shake flasks containing BFX medium 

d<»ed fnan an amylase-ovccFrodudng derivative of A widiout any added kanamydn. They woe then plated onto 

Ucheniformis ATCC9789 obtained by conventional LB plates and subsequently rqplica plated onto plates am- 

mntagenesis pcoccdures into a pUBllO derived vector conr tabling 10 pgtoi kanamydn. Of about 100 odonies, aU were 

taining die pUB 110 origin and the gene encoding kanamydn kanamydn resistant» indicating the stable inheritance of the 

xesistance. The CQTftse gene (cgt) was inserted downstream 25 kanamydn resistance gene present on the integrated DNA in 

of ttds praaum between the BamHI and Nod sites^ result- the abscence of selection pressure, 

ing in pSJ993 (HG. 24). Stability of a plasmid-b(wnc CGT^e gene in B, subUUs 

A 4 ld> Bgin fragment from pSJ993 was hiserted into the Plasmid pPU892 is essentially identical to pSJ993 (FIG. 

Bgin site of pSJ1155 (described in Example 1 above, FIG. 24), the only difference bdng that a different polyiinker 

14), the resulting plasmid was transftmnedhitoK coU^ib^ 30 region is present downstream of die (XjI^sc gpne. This 

SJ6, and anqadlUn-resistant, CGTase-producing transfor- plasmid was introduced into DN1885 and toe resulting strain 

mants of ^. coU SJ6 were isolated by i^tmg transformants SJ984 was grown for one week at 37^ C. hi shala flasks 

on 13 pbtes contaming 100 ng^ml ampicillin and 0.5% contaimng BKX medium without any added kanamychi. 

solnble stardi, screening for the fccmatioB of a dear halo Platmg on kanamycin-containmg plates (10 ngM) gave a 

around the cdonies after stamhig the plates with lodme 35 10-fold lower cell count than plates without kanamydn, 

vapour. A transfoimant harbouring the plasmid pSJ1163 indicatmg that 90% of the cells had lost thdi plasmid This 

(HG. 25) in whidi the kanamydn resistance gene had been was also reflected by the finding that less than 10% cf the 

regenerated was kq)t for further experiments. colonies on plates without kamui^^ xoodnced CXmse. 

Formation of progeny vectors from pSJ1163 hi S. sUbtiUs w a*™ xs < 

strains DN1885 and PL1897 40 EXAMPLE 5 

PSJ1163 (FIG. 25) was transformed into DN1885 and „ ^. * ^ ^ ei*ii«r^ 2- » 

vector DNA was prepared from kanamydn^sistant trans- Fonnahon <tf piog«iy y^^^^^ni56 hi A 

fOTiiants and analyz^ by agarose gd dcctiophoresis. This lUOtmjorms iSXKX, ViW. 

showedtraces of a 10.5 kb plasmid molecule, coire^pondmg Plasmid pSJfll56 is identical to pSJ1157 shown in FIG. 

topSJ1163,andtwoprogeny vcctormoleculespSJlKSbctf 45 ^ pSJii56 was introduced mto 3. Udhen^ormis ATCC 

4.1 ld3 (FIG. 27) and pSJ1163a of 6.4 kb (FIG. 26) in 9739 by protoplast transformation, selectmg for kanamydn 

approxunatdy equal and in &r hugei amonaU, respectivdy, resistance, resultmg m strain SJ1199. Analysis c€ the plas- 

coirespoading to pcogeny vectors dcdycd dtfacr by homolo- content of SJ1199 by restriction enzyme digestion and 

gous rec o mbina t ion between flie two rep-sequences of agarose gd dectropborcsis revealed the presence of two 

pSJ1163 or by flie acUon of the Rq) ptotefai at eadiphis 50 piasmid molecules. One wasidenticaitopSJ1259CraG, 16) 

or^ in rollhig drde replication as described above. The famed by ddetion of one copy of the kan 

foimBtion of progaiy vectors as described above was also ^^j^ ^ homologous recomWnalion. The olhcar corre- 

observed when pSJ1163 was transfonned into PL1897, and sponded to pSJ1259a (FIG. 28). one of die two progeny 

two suditrai»fomiants were kept for furdicr experiments as jnolecales that coold be fcnned eiflicr by homologous 

strahis SJ1168 and SJ1170. reocaiMiation between the two rep sequences ofpSJ 1259 or 

Isolation of mtegrants contaimng non-rq^cative DNA mol- ^^^^ ^ ^ |^ protdn at eadi pins odgin in loOing 

ecules drde replicatiim as described above. 

Strains SJ1168 and SJ1170 were inoculated into 10 mlTY 

medium containing 5 p^fjnl kanamydn and incubated over*- EXAMPLE 6 

night at 37'^ C. 100 jil of eadi culture were tfien inoculated so 

into fresh TY medium and the incubation was repeated. Stable integration of a non-replicativc DNA 

After four sudi cycles of incubation overnight, plasmid molecule in the i(cfte/i{f<7rpm5 AIXX) 9789 

DNA was prepared from the two cultures and analyzed by chromosome 

asarose gd dectrocAcresis. No plasmid molecules wcacc ^ ^ . ^ ^ ^ 

^served. When theplasmid prcp^ ation was used to trans^ 65 Constiiichon of hitegration vector 

form £ coH sdecting for ampidllm resistance, no transfor- Plasmid pSJ1260 is identical to p5J1259 shown in Ha 

mantswereobtain6d,hidicatingfliatndthertheQrigittall0.5 16. Chromosomal DNA from B. Uchenffomis /SICC 97^9 
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was digested with Pstl-fBainHI and firagments between 2 
and 4 1£ wecc isdated from an agarose gd. These fiagments 
were ligated into pSll260 digested witfi PstH-BamHI, and 
txansfonned into E, coU SJ6 selecting ampidllin xesistance. 
One transfonnant obtained contained an insect of 2,1 M> and 
Ihe plasmid was denoted pSJ1555 (FIG. 29). E. coU SJ6 
containing pSJ155S was deposited at the N^onal Collec- 
tion of Industrial and Manne Bacteria Ltd, 23 St Machar 
Drive, Abadeen, AB2 IRY, Scotland, XJK on Dec. 12, 1990 
in accordance with the provisions of tbe Budapest Treaty on 
the Litemational Recognition of the Deposit c^Microoigan- 
isms for the Purpose of Patent Procedure, with the accession 
nnmber NCMB 40346. This plasmid has &e capacity to 
fonu the two fsogeny mdecules pSJ155Sa (PEG. 30) and 
pSJ1555b(p[G.31). 

Isohtfitm of A IMien^omUs int^rent ocwtaining a noa- 
rq&ative DNA mcdecale. 

pSJ1555 was introduced into B. Uchm&fomdsArccm9 
by protoplast transfonnation, sdecdiig for kanainydn resis- 
tance. One regenerated, kanamydn-iesistant tzansfonnant 
(SJ1613) was plasmid-ficee as seen by gid ekctrcphoresis of 
a itemid-prq)arali<ni from that tzansfonnant, and the pias- 
ndd pr^Noation was unable to transfbfim B, suMUs to 
kanai^rchi xesistance. This zesnlt indicates titot the non- 
rq^athre progeny mdeciile pS J1555a had fonned and had 
been integrated into the ATCC 9789 chromosome. 
Amplification and stability of integrated DNA 

Strain SJ1613 was grown hi successive 10 ml TV cultures 
containing Icanamydn at 10, 20, 50, 100, 200, 400, 600, 800, 
1000, 1500, 2000, 2500, 3000, 4000 and 5000 ugtol, and 
strains growing at each of these different concentrations 
were kept fcr further study. Strains resistant to 20, 200 and 
1500 ug/!rol kanamydn were further analyzed. Chromo- 
somal DNA ton the two latter strains revealed upon 
digestion with BamHI a disthict band of 4.5 ld>, absent from 
DNA of the first strain, as expected for strains containing 
mult^le copies of pSJ1555a integrated in the chromosome. 

All strains were grown in BPX shake flasks at 37® C for 
7 days without kanamydn, and then strealccd on LB plates. 
Replica plating from LB plates to Jcanamycin plates (10 
ttg^) revealed no kanamycin sensitive colonies. Colony 
counts on plates with and without kanamydn (10 ug^) 
were obtained for the three strains resistant to 20, 200 and 
1500 ugAnl kanamydn, and wore in all cases 10*^ ml"^, 
indicating stabUhy of the integrated kan gene. 
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SEQUENCE usnrw 



( 1 )GENBRALINTORMAaim 

( i i i } NUMBER CK'SBqpBNCES: 3 



( 2 )mP09tM«IQNFaRSBQ]DNai: 

( i )SB(|DBNCEC&ARACIERfSI]CS: 

( B ) TXFS: nu^dc acid 
( C ) SXRANX3B2^4BSS: 

( i \ )M0LEClJIBTTn>B;DNA<8esapic> 



(z i )SBQ0BNCB]3BSCRIFnON:SBQn>NO;li 



AATTGATCAA OCTTTAAATG CATOCTAOCA ACOCOOCCOC CAACCTCOAO ATCTCATOCT 60 
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-cQntinued 



AOTTCOAAAT TTACOTACOA TCOTTOCOCC OOCOOTTOOA- OCTCTAOAOT ACTTAA 



C 2 )INR»MXnorfK»5BQS>NOa: 

( i )SEQUBNCB CHARACIOUSIICS: 
( A ) LENF01H: 38 bocpon 
( B ) TYFB; HQcldc «tf 
( C ) SlRANDfiDNESS: dnAfo 
(D )T0P0LOOY;laMr 

( i 1 )M0LBCaLBTyF8;I»IACBaNnfe) 

( X i > SEQPR9GB DBifaUPTlON: SBQ XDHOii; 

AATTCTOCAO ATATCAAOAT AAOAAAOAAC AAOTTCCO 



( 2 }INraakMnONF0RSBQII>NOdi 

< i )SeQqBN(SC2ARACIGRI5nCS: 
( A ) LENOTH: 38 bwe F«ir» 

( C ) SIRANDBDNBSSi doutOt 
(D )TOi>ClXXi«fiiinr 

( 3 i >M0LBC0tBTnS:DNA<8en«iife} 

( s i )SBQUBNCEZ£SCRIFnON:5BQII>NO-3t 

OATCCOOAAC TTGTTCTTTC TTATCTTQAT ATCTQCAG 



Wc claim: 

1. A inctfiod of producing a bacterial cell vMdt in its 
genome caaies an integrated oon-'rq>licativo DNA construct 
conq>rl8iDg (1) a DNA sequence of inteicst^ (2) a DNA 
sequence which is homologous with a region of die genome 
of the cell, and (3) an oiigin of replicatioD, the DNA 
constnict lacking a functicnal gene coding for a factor 
required to initiate replication from said origin of 
replication, the method con^sing 

(a) transfonning bacterial ceQs with a parental plasmid 
vector which conopdlscs a first orighi of rc^dication and 
a second origin of r^Hcation in the same orientaliOD as 
the lirst <aigin of xqpUcation, wMdi first and second 
origins cf repiicatioQ are samdcttOy stanilar to be 
functional widi the same replication fuctcr, 

the first and second origins of replicatioD dividing die 
vector into two parts, (i) a first part con^cising the first 
origin of replication and a gene cncx>diDg a replication 
factor requhed for plasmid lepUcation from said first 
and second opgin of zeplicatiuB, and (ii) a second part 
coiz^xising the second origin of replication, a DNA 
sequence of interest, and a DNA sequence which is 
homologous wifli a region of the genome of a cell 
intended for introducticm of the vector, and 

(b) culturing die transformed cells under selective 
ocmditions, replication of the parental plasmid vector 
giving rise tD the formation of a first progeny vector 
con^nising the first origin of replication and a fimc- 
tional gene encoding a replicaticHi factor required for 
plasmid i^Ucation from said first and second origin of 
replication, and a second progeny vector comprising 
the second origin of replication but lacking a fimctiond 
gene encoding a replication factxn; as wciil as compris- 
ing a DNA sequence of interest, and a DNA sequence 
which is homologous widi a region of the genome of 
the cell, continued cultoiing of die transfonned cells 
under selective conditions resulting in the integration ctf 
said second progeny vector into the bacterial genome 



30 by homologous recombination and loss of die first 
progeny vector as weHl as die parental vector from die 
cells. 

2. A mediod according to daim 1, wherein die second 
(Higin of lepHcadon is derived fimn die samopiasmid as die 

35 first origin of ideation. 

3. A mediod accocding to daim 1, wherein a gene encod- 
ing die replication factor assodated widi die second origin 
of r^licadon of die second progeny vector of stq)(b) has 
been deleted. 

4. A mediod acc<»x^g to daim 1, whcrdn a gene encod- 
^ ing die replication factor assodated widi die second origin 

of replication of die second progeny vector of step(b) has 
been modified. 

5» A mediod according to daim 4, whodn die gene 
encoding die rq^cation fuctor has been modified by 
47 delctlon,hisertionorsubstitiitionofoneormorenQdeoddes 
of die DNA seqooice cf the gene, or by ddotioD of traoh 
scriptional or transIaticHial start or stop signals. 

6. A micdiod accofding to daim X, wherein die parental 
plasmid vector is one ^ch is unable to replicate at 

50 inacased tempaatares which yet permit g^wdi of die host 
con, and wheiem die bacterial cells are initially cultured at 
a temperature permitting plasmid replication and 
subseqaenUy, after integration of die second progeny vector 
into the bacterial genome, cultured at a tempaature which 

55 does not permit plasmid replication so that the first progeny 
vector as wcH as die parental vectcv are lost from die cdls* 

7. Amefiiod according to daim 1 in which die first and 
second origins of replication assodated widi the parental 
vectcr are each derived from a single-stranded DNA plas- 
mid. 

^ 8. A mediod according to claim 7, wherein the second 
origin of r^lication is derived fi:om the same single^and 
DNA plasmid as the first origin ot repilication. 

9. A mediod according to claim 1, wherein (he bacterial 
ceE is a ceU of a gram-positive bactcriunL 

65 10. A method according to daim 9, wherein the gram- 
positive bacterium is a strain bdonging to die gpnus BadUus 
or StrepComyGes. 



5,695,976 

21 22 

U. A method acccrdiog to claim 10, wherein the bacte- 20. Aniethod according to dabn 12, whidi is a odl ef a 

rium is a strain of BacUlus Ucheniformis, BaciUus lentus, grajtt-positivc bacterium. ^ ^ . ^ 

Bacillus brvvis, BaciUus stearvthermophilus. Bacillus 2t A method accordiiig to daim 20, whercm the gran- 

alkalophilus. Bacillus amyloliquefaciens. Bacillus positive bacteriwais a strain belonging to the genus Baailus 

coagulans, BaciUus subtUis or Strepromyces Uvidans, s or Streptomyccs, 

IZ A method of pnxiucing a bacterial cell which in its 22, A method according to claim 21, wherein the bacte- 

genome canies an integrated non-x^licative DNA construct rfum is a strain of BaciUus lichenffomus, BacBlus lentus, 

conqaising (1) a DNA sequence of interest, (2) a DNA Bacillus brwis, BaciUus stearo^crmophilus. Bacillus 

sequence which is homologous with a re^on of the genome aikalophilus, Bacillus amyloliqucfaciens. Bacillus 

of flie oell, and (3) an origin of replication, the DNA coagulans, BaciUus subtiUs or Strepromyces Uyidans, 

construct lacking a fimcti<mal gene codtog for a fSactor 23. A bacterial ceil obtainable according to the method of 

required to initiate re plicati on from said origiQ of 1 or 12 which in its genome cairies an integrated 

r^licatlon, the method comiirising non-repHcative DNA constract compridiig (1) a DNA 

(a) transfonning bacttaial ccOls wilh © a first DNA vector sequence oS interest, (2) a DNA sequence vMdh is hMnolo- 
comprising a first origin of rqpUcation and a functional ^ ^^^^ ccJl, and (3) an 
geneencodingafactOTreqmredf^plasimdrqghc^^ I of rroUtSioii, ^ffcin the DNA constiuct has been 
fiom said first ofigin ^^^^''^^^^^ .^jf d<deted of a gene coding fa: a factor requiied to initiate 
second DNA vector con^nsmg a second cn^ erf ^ iq>licatio2 or whadn the 
icDUcation but lacking a functional gene encoding a tppuw»uvu »cuu ^ 
^c^SUedforplaLidrepUcationfromft^ gene encoding thwephca^o^^ 

origto of lepUcation, as wdl as comprising a DNA 2o to encode ^'"^^.^^^^^^ 

sequence ^interest, and a DNA sequence which is 24. A ^J*^ ^> ^ ^ 

hOTiologous with a region of the genome of the cell, construct has been deleted of flie gene raicoding the reph- 

said first and second origins of icpHcation bong sufB- ca^on ftcho, „,y,^„ ™^ 

dently similar to be functional with the same repKca- 25. A obH accordmg to 23, whc^ the gene 

tionfectorsothatrepUcationofthcsecondDNAvectOBr 25 encoding Ae rqpHcation factor has been modified so as to 

fiomtbe second origin of repUcation is initiated by the encode an hiactive n^ilicatlon factoc 

xcplic^on factor encoded by die gene pxesent on the 26. A oeU according to dahn 25, whaein said gene has 

firstDNAvectOT, and been modified by deletion, inscftion or substitution of one or 

(b) coltaring the resulting cells under selective conditio ns mcxe nucleotides of the DNA sequence of the gene, or by 
leadhig to int^ration of said second DNA vector into 30 deletion of transcrq[rtional or tian&latiooal start or stop 
die bacterial genosne by homdogous recombination signals. 

and loss of the first DNAvcctcx. 27. A cell acowduig to claim 23, wherein tlie DNA 

13. A mediod acccrding to claim 12, wherein the second construct comprises a DNA sequence of interest, a DNA 
origin of repUcation is derived from die. sane plasmid as tie sequence whidi is homologous to a region of the genome of 
first origin of icplication, 33 the cell, and a plus origin of replicati<Hi iinom a singile-strand 

14. A method according to claim 12, wherein the second pj^^ plasmid, the DNA oonstnict laddng a fimctiraal rep 
DNA vector has been deleted of the gene encoding the cognate to the plus wigin of rq>Kcation. 
rcpHcation factor associated with the second orighi of iq>- ^g. A cell accordhig to daim 23, wherein the DNA 
^^on. . J . ,^ t. . ^ construct additionally comjprises a selectable marker. 
en2^grS^c1S?lc^1^^^ 29.Ac^acc.d^^^ 

SgX^i ^^T^^^^tochdm 29, Wherein the g^^ 

^qu^r^rJcnTo^l^^^^^^^^ poritiveba^umisaLinbelongingtotiiegeausBad^^ 

n^^A^^iTa"^^^ 45 "3lSa^gtoclaim30,where^ 

DNA vector further conmrises a selectable markEn a strain of BacUlus Uchenifomis, BacUlus ^^na^Bacims 

17 A method accordhig to dam 12, whcrem die first brevls, Bacillus stearotHermophilus, BacUbis alkalaphilus, 

DNA vector conqiriscs a first phis crigin of repUcation fi:om BacUUis amyloUquefaciens, BacUlus co(^ukms, BaaUus 

a filngle-stiand DNA plasmid and a functional iq) gene, and sMUs or Streptomyces Uvldans, 

wherehi the second DNA vector conqjrises a second plus 50 32. A process for prodw^g a pc^ype^ ^ J?^*!S 

origin of rcpHcation from a single-strand DNA plasmid but con^>rising culturing a bactoclal cdl ««««^ ^ djtai M 

laddne a functional rep gene cognate to toe second plus containing an integrated DNA sequence wWch codes fixr 

origm of replication, as well as conqaising a DNA sequence said polypq)tide under conditions conAidve to flie jaoduc- 

of interest, and a DNA sequence which is homologous witti tiwiof tiiepoiypqjtide andrccovamgtheicsultmgpolypcp. 

a remon of tiie genome of said cell. 55 tide frwn the cuKurc. 

inZ^Zd^^l to dito 17, whereto the second 33. Aprocess accordtogto daim32, wh«dn tiiepolypep- 

plusor^ of icpHcation is derived from die same sm^e- J* ^^^^^"^ . u • h 

sband DNA phumid as tiie first phis origin of replication. 34. A process according to daim 33, wherein flic enzyme 

19. A metiiod accordhig to daim 12, die first is a jwotease, amylase or Upase. 

DNA vector is one which is unable to replicate at increased 60 35. A parental 0asmid vector whidi con^mses a tot 

trammatures whidi yet pamit growth of the host cdls, and origin cf repUcation and a second wigm of rq)hcation in me 

wherein the bacterial cells are initially culmred at a tem- same aicntation as die first cnigin of r^hcation, whidi first 

perature permitting plasmid replication and subsequenfly, and second aigins of repUcation are sufficiently smmlar to 

Sttrintegration of die second DNA vectcK into die bacterial be functional widi the same repHcation factor(s), 

genome, cultured at a temperature whldi docs not petmit 65 die first and second origins of repKcation dividing die 

pkismid rrolication so that die first DNA vector is lost from vector into two parts, (0 a first part comprising the first 

odgin of nidication and one or mcro fimcti<»al genes 



5,695,976 

23 24 

encoding tbe replication fact(H(s) required for plasndd 43. A recombinant DNA vector con?nising (1) i DNA 

replication from said first and second origin of sequence of interest, (2) a DNA sequence wUch is bomolo- 

letjication, and (u) a second part comprising tbe sec- gous with a r^on of the genome of flie cell, and (3) an 

onderigin of replication, a DNA sequence of intaest, origin of rq>licati«i,aieDNA^s(nJrtl8^ 

uaTmA s^aence which is homologous wifli a 5 gew coding to. fartorieqptted to nnlw^ 

re^^onofmegcnomeof aceUintendedforlntroduction '^^^^H^^^^^g dain, 43. ^ l»s been 

oi mc vccwr. , . a. ddeted of tiic gene encoding the repHcadon facton 

36 Aplasmid 45, A vecto? acccHding to dato 43, wheiein die gene 

second ongm of rcplicaUon is derived firan the same plas- ^^^o^^ the rcpHcation factcr has been mo<flfled so as to 
mid as die fet origin (rf rg?hcation. 10 ^^^^ ^ ^^^^j K^cation factor 

37. A plasraid vector according to dami 35, which has ^ A vectw according to claim 45, wherein said gene has 
been ddeted of tfic gene encoding the replication factor been modified by deletion, insertion or substitution of one or 
associated with die seccmd origin of replication. mere nucleotides of the DNA sequence of the gene, or by 

38. Aplasmid vector according to claim 35, whereiD the deletion of tcansccqitional or translational start or stop 
gene encoding the rq>lication factor associated wiUi the is signals. 

second origin of i^lication has been moditied. 47. a vectc^ according to daim 43, comprising a DNA 

39. A plasmid vectOT according to claim 38, wheidn die seqaence of ioteiest, a DNA sequence which is homologous 
gene has been modified by ddetion, insotion or sUbstitation with a r^on of Uie genome of a cell Intended toe intioduo- 

one crmoie nucleotides of theDNAsequenceof thegene, tioa d the vector, and a plus origin of xq^Ucation from a 

or by ddetion of Iransa^onal or translational sCait or stop 20 single-^and DNA plasmid, die vector lusting a fdnctional 

giggals. 'CP S^^^ associated with the plus origin. 

40. Ap]asmLdvectOTaocorduiglDdahn35invitiGhthe 48. A vector according to daim 43, which additionally 
jirst and second origins of replication associated widi the comprises a sdectable marker. 

parental vector are each derived fiom a single-slrandedDNA 49. Abacterial cdl whidi conqnses a furst DNA vector 

p^asndd* 2^ comprising an origin of replication and one or more tunc- 

41. A plasmid vector according to claim 49, wherein the tional genes encoding the factor<s) rcquhxd for plasmid 
second origin of r«|dication is derived from the same single- indication from said first ozi^ of rcpUcation, and a second 
stiand DNA plasmid as the first origm of replication. DNA vector according to cilahn 43. 

42. A plasmid vector according to daim 35, wMdi further 

con^iises a sdectable marker. « * * « « 
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Borrelim and Lyme disease 

The genus Borre/ia was known more than a century ago 
following the discovery of Borre/ia recurrenth as the 
causative agent of epidemic relapsing fever. Interest in 
Borrelia increased dramatically after the recent discovery 
of Lyme disease and the observation that it is caused by a 
novel member of the genus, Borrelia are spirochaetes, 
organisms that comprise a separate phylum in the 
kingdom of cubactcria (Wocse, 1987). They differ from 
other bacteria in having a helical shape with multiple 
waves and endoHagella which are located between the 
inner and outer membrane. In this review, wc concentrate 
on the molecular biology of the causative agents of Lyme 
disease and North American relapsing fever {Borrelia 
burgdorferi sensu lata and Borrelia hermsii, respectively) 
because they have received the most research attention. 
To contain the review within reasonable limits we have 
not attempted to cover the taxonomy of the Borrelia or the 
widespread literature on antigenic variation of jB. hermsii. 
Interested readers are referred to recent reviews on these 
topics by Barbour (1990) and Wilske et al, (1992). 

Lyme disease is a multisystemic disorder which involves 
the joints, heart and nervous system (for a review see 
Steere, 1989). The disease was shown to be transmitted by 
ticks of the genus Ixodes and caused by a spirochaete 
(Burgdorfer et aL, 1982). Analysis of these spirochaetes 
revealed that they were from a new species of Borrelia 
(Hyde & Johnson, 1984), which was named J3, burgdorferi 
in honour of its discoverer, W. Burgdorfer (Johnson et 
aiy 1984). The delineation of a single species was based on 
DNA/DNA hybridization studies performed on a small 
number of strains that originated from the USA (Hyde & 
Johnson, 1984). Subsequent DNA/DNA hybridization, 
16S rRNA sequencing and ribotyping of strains from 



The GenBank accession number for the sequence reported in this paper is 
U04527 (gb-ba: BBU04527). 



different geographical origins in Europe and the USA led 
to the realization that at least three different species arc 
responsible for Lyme disease: B. burgdorferi sensu strieto^ B. 
garinii and B, af^elii (Postic et aLy 1990; Baranton et al,, 
1992; Marconi & Garon, 1992; Canica et al,, 1993). The 
existence of several different aetiological agents for Lyme 
disease is correlated with different patterns of symptoms 
seen in Europe and the USA (Assous et aL, 1993; Van 
Dam etal., 1993). We use the term B. burgdorferi to refer to 
B. burgdorferi sensu stricto and Lyme disease spirochaetes to 
cover B. burgdorferi sensu stricto^ B. garinii and B. afi(elii 
(formerly group VS461). A fourth species, EJaponicay was 
recently isolated from Japanese ticks (Kawabata et aL, 
1993; Postic ^/«/., 1993). 

Initially, studies on Borrelia spp. proceeded slowly, due to 
the lack of a suitable medium for cultivating the organism. 
Even now, Borrelia spp. such as B, recurrentis cannot be 
cultivated in vitro. The liquid medium defined by Kelly for 
the growth of B, hermsiimd found suitable for the growth 
of B. burgdorferi was improved by Barbour, Stoenner and 
Kelly to give BSKII medium, which is now used 
universally to culture Lyme disease Borrelia and B. hermsii 
(Barbour, 1984). In particular, BSKII medium contains 
N-acetylglucosamine, an essential component of the 
chitin in arthropod cuticles. Some other components, for 
example gelatin, are not essential for growth but their 
presence improves the cell yield to modest but usable 
levels (up to 2 X 10® bacteria per ml). The doubling time 
of B, burgdorferi is between 6 and 12 h (Barbour & Hayes, 
1986). Colonics were obtained for the first time on solid 
BSKII medium a few years ago (Kurtii et aL, 1987), 

Investigations of the molecular biology of Borrelia spp. 
have been hampered by the unavailability of tools for 
genetic transfer. Consequendy, both classical and reverse 
genetics have not been possible. Methods enabling the 
genetic manipulation of spirochaetes have so far remained 
elusive. Indeed, the only published report describes 
electroporadon of Serpulina hyodjsenteriae (Ter Huume et 
al,, 1992). 
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The Bonelia genome 

Lyme disease spirochactal DNA has a low G + C content 
of 28*0-30-5 mol % (Johnson et al, 1984 ; Baranton et ai, 

1992) . This value is comparable with that found in other 
members of the genus and is significantly less than that of 
other spirochaetes such as Treponema denticola 
(36-0 mol %), Leptospira interrogans sensu lata 
(35-40 mol %) (Haapala, 1969; Hyde & Johnson, 1984) 
and Treponema pallidum (53mol%) (Miao & Fieldstccl, 
1980). 

As with many bacteria, the genome of B. burgdorferi 
consists of a chromosome and a number of different 
plasmids. The feature that distinguishes the borrelial 
genome from most other bacterial genomes is that the 
chromosome and some of the plasmids are linear DNA 
molecules (Fig. 1), This unusual property has enhanced 
interest in the molecular genetics of B. burgdorferi and 
related species. Up to now, linear chromosomes have also 
been described for Streptomyces lividans (Lin et aLy 1993) 
and Agrobacterium tumefaciens (Allardet-Se'rvcnt et ai.^ 

1993) , while linear plasmids have been observed in 
Streptomyces spp, (Kinashi et aL^ 1987), 

Th9 iitwar chromosonw of Lyme disease splrodmrntes 

Discovery of the linearity by pulsed field gel electro- 
phoresis (PFGE), The discovery that the chromosome is 
linear was made concurrently in two laboratories when 
high-molecuiar-mass B. burgdorferi DNA was subjected 
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Ff'g. f. Schematic scale representation of the genome of B. 
burgdorferi B31 (the type strain). The depiction of the ends of 
linear repllcons as single-strand loops Is speculative, except for 
the 16 kbp plasmid (Hinnebusch & Barbour, 1991). The 
complement of replicons shown Is that reported by Sadziene et 
9L (1993b). 



to analysis by PFGE (Baril et aL, 1989; Ferdows & 
Barbour, 1989). The prior discovery of linear plasmids in 
this organism was helpful in interpreting these analyses 
(Barbour & Garon, 1987). The DNA for the PFGE 
experiments was prepared in situ in agarose blocks by 
procedures that have been established with other organ- 
isms to minimize shearing. Large open circular DNA 
molecules such as bacterial chromosomes do not migrate 
from the origin during PFGE, presumably because the 
looped molecules become impaled on spurs of agarose 
(Serwer & Hayes, 1987), Surprisingly, the majority of the 
burgdorferi chromosomal DNA was not retained at the 
origin but migrated as a band with mobility approximately 
equal to that of a linear duplex molecule of 1 Mbp. 
Digestion of the DNA with different endonucleases before 
electrophoresis yielded in each case a number of fragments 
of total molecular mass between 900-1000 kbp. The 
possibility that the 1 Mbp DNA was composed of super- 
coiled circular molecules was eliminated because its 
electrophoretic mobility was unaffected by the intro- 
duction of supercoil-relaxlng single-strand breaks. The 
conclusion from these experiments was that the fi. 
burgdorferi chromosome is a linear molecule of between 
900 and 1000 kbp. 

Chromosome copy number has not yet been reported for 
a Lyme disease spirochaete, but a detailed investigation 
with B. bermsii^ which also has a 1 Mbp linear chromo- 
some, revealed a relatively high value of 16 copies of 
chromosome per cell for B, hermsii grown in mice (Kitten 
& Barbour, 1992). By contrast, actively growing Escher- 
ichia coli has on average 6*5 chromosomal origins and 1 -9 
termini per cell, while Av(ptobacter vineiandii contains up to 
40 chromosomal copies per cell (Bremer & Dennis, 1987 ; 
Punita etaL, 1989). 

Physicei end genetic maps of the linear chromosome. 

A physical map of the chromosome of B. burgdorferi was 
first reported for strain 212 (Davidson et al,, 1992). In 
determining the map extensive use was made of digestions 
in agarose blocks of chromosomal DNA or restriction 
fragments that had been purified by PFGE. The use of 
chromosomal DNA, free of the linear plasmids, elimin- 
ated uncertainties in the analysis of the digestion products. 
A total of 47 digestion sites were located for the enzymes 
SgrAl, Sacll, Miu\, BssHW, Eagl, Smal, Nael and Apal. In 
most regions of the map the gap between restriction sites 
was 50 kbp or less, enabling good resolution for the 
mapping of genetic loci. A number of important con- 
clusions were reached from the mapping studies. First, by 
summing the sizes of the different digestion products an 
accurate value of 946 kbp was obtained for the size of the 
B, burgdorferi chromosome. This value agreed well with 
that reported in the initial PFGE studies described above. 
Second, the data obtained in the mapping studies were 
consistent with the chromosome being linear. The altern- 
ative explanation that the chromosome is circular would 
require the presence of a < 1*5 kbp region of the 
chromosome which contained at least one site each for 
ijrAI, Sadly BssHll, MM and Smal. This explanation is 
unlikely given the low G -I- C content of the B. burgdorferi 
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F/y. 2. PFGE separation of selMigated Mlu\ fragments of the B, 
burgdorferi 212 chromosome. Fragments MIB and MIC were 
purified by PFGE, and the agarose blocks containing them were 
excised, washed and then incubated with DNA ligase for 36 h at 
10 ''C The blocks were embedded in a second agarose gel and 
the ligation products were resolved by further PFGE. Lanes: 1, 
MIB; 2. MIC. The Mlu\ map of B. burgdorferi 212 is shown at 
the bottom of the figure (Davidson et ai, 1992). 



chromosome. One possibility that cannot be eliminated 
by any of the experiments that have used PFGE is that the 
5. burgdorferi chromosome contains an extremely fragile 
locus which is broken during the preparation of high- 
molecular-mass DNA. It may require the determination 
of the structure of the chromosomal extremities to be able 
to exclude this possibility unequivocally. 

The molecular structures of the chromosomal telomeres 
arc currently unknown, and constitute an important area 
of investigation. The following experiment provides some 
relevant information, Miul fragments of the B. burgdorferi 
212 chromosome, purified by PFGE electrophoresis, were 
self-iigated in situ in the agarose and then resubjccted to 
PFGE (Fig. 2). The internal fragment, MIC, yielded a 
ladder of bands corresponding to monomer, dimcr, 
trimcr, tetramer and pentamer as well as a significant 
quantity of presumably open circular polymeric DNA 
which remained in the well. By contrast, the end fragment, 
MIB, yielded only the monomeric and di merle species, 
indicating that the tclomeric ends were not ligatable. 
Attempted self-ligation of undigested chromosomal DNA 
gave no higher polymers (data not shown), again indi- 
cating non-ligatable telomeres. 

Determination of the restriction map of a second B, 
burgdorferi ^tmti (Sh-2-82, isolated in New York) enabled 
interesting conclusions to be reached about the stability of 
the chromosomes within the species (Casjcns & Huang, 
1993). The size of the Sh-2-82 chromosome. 952± 12 kbp, 
was not significantly different from that of the 212 
chromosome, but 8 of the 41 sites for the restriction 
enzymes Sgr^l, Sacll, MM, BssHll, Eagl and Smal were 
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Ftg. 3. Genetic map of the ft burgdorferi 212 chromosome. 
Details of the individual genes can be obtained from the 
GenBanIc or EMBL databases, with the exception of pheST (A. 
Barbour, unpublished), f//G and fIgE (N. Charon, unpublished), 
ftsA, gidB, htpG, metG, miaA, moxR, parB, pgli, pIsQ pth, tmbC 
and tpi (I. G. Old, unpublished). 



in dissimilar locations. This means that the nucleotide 
sequences of the chromosomes of the two strains differ by 
at least 3*2 % in the 248 bp that make up the relevant sites. 

The unavailability of gene transfer systems in Lyme 
disease spirochaetcs has prevented the use of classical 
genetic procedures to construct a genetic map for this 
organism. The availability of a physical map of the B. 
burgdorferi chromosome made it possible to commence 
genetic mapping of the chromosome by other means 
(Davidson et aL, 1992; Old et aL, 1992b; Casjcns & 
Huang, 1993), The procedures used were simple: 
Southern blots of PFGE separations of restriction digests 
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ACCyVGCACGRGCAGCTmAnKTTTTCCMGJSATAGTCTCTATCTCTAMGGATTTAMnAA™ 120 
RARAAKIAKGLITDIBLPNUHllELLHEYVVVEVIKR I E $ 

ATTACCAAOCTTACTnTTGnTCACOTCAMTTGAGGTTCTGGTACTTTCACAG^ 
NeLKSKTOCEFQPBPVKVSlVATLGEKrODGTLUPIDKKS 

TATTTTTGAATTCTTAAAAGCTTCATTCATGGCCTTAGTAAGTCCACTTCTWTCCCATAACATGAGTTCCCCCTTW 360 
IKSNKrAENMAKTLGSRPGMVHTGGERTNINNVrSLINDS 

ATAGCrrTCAGTCCATTTAAGCCCCACATTAACAATAACATCATTAATAAAACCATCAATATAATMCGTTCrGATTGAAAAGCTrrGCTGTCAT 480 
YSETHKLGVNVIVDN.IFCDirYPESOrAKSDNTLYOVFSK 

TATCCCACCCTCAAAATAAAATTTTGAAGATTmCTlTACCAATTCTTTTATCTTCAATTGAAATGTATArTTTATCGTTTAAAAAAGCAA^ 600 
IGGEFYFKSSKEKGIBKDEtSlYIKONLrALEKLRKELVD 

GAAATTATAATCTAAACn'TWAAAATTTCAGAATCCGCCAAAAAAGTAACCmCTCCCCGTAACACAAGAT^^ "0 

FNVDLTEriESDALFTVKTCJTVSSEGVVEVKSTPIGKSFT 

TTGCCTAAAAATTTTTCCATCTCTATTAACATAAACCTCTAAAAACGAAGATAGAGCAITTACAACCGAAATTCCAACGCCATGAAGTC B40 
ORriKGDRNVyVELFSSLANVVSXGVGHLCGSVKYTGKHF 

CTTACCAC(y^GAATGTAATTTTGTTAAAACAAGTTCAAGGGTGACACTAATACCCTCCTCTTCATGAATATCGGTAGGAAT^ 960 
KGGSHLKTLVLEITVSIGEIEHIDTPIGRCMOIVTITNDL 

ATTCATAATAACATCTATTCTAICACAAAACGCAGCTAAAGCCTCATCAATCCTATTG1CM 10»0 
Ni IVDIRDCFAAI.AEDISNCVVEYVLHHLCHISVSGIVMG 

AGOCmTTCCTAACAGrcTCAAGTCCTTTTAAGACCTCAATGTTACTAGCAACATAATTCAGTAAACCTTCCAT 1200 
PRKRVAELGKLVQINSAVYNLLGBM<- wx« 

AAAATAATATCTATTACATAGGAAATACCAAAAACrmAAAAAIlCfijakAACAATTTAGATAGAAna^^ ^320 
daaJI — > MEKSKNIWSLILreiKKELSEEErYVWFENLCFLES 
aaaCAAAAAAATGGAAAAATCAAAAAATATATGGAGCTTGATTTTAACAGAAATAAAAAAAGAACTATCAGAAGAAGAArrTTATC^ H 40 

rbs 

IGDNIKISTPNLFHKNOIEKRFTKKIKEIUIKHCYNNIVI 
TAGCTGACAATAnAAAATATCTACTCCAAATTTATTTCATAAAAATCAAATAGAAAAAAGATTTACAAAAAAAATTAAAGAAATrc 1560 
VFTNQPPKTHSNKOETKNPALHETFSKFOKLKEKrTSKCA 
TATTTACAAATCAACCACCCAAAACTCATTCTAACAAACAAGAAACTAAAAACCCGGCTCTTAACGAAACT^^ 1 6«0 

IQMIODBIKHVXKKEEEBPTMPKNPFIKKBXTFENFXIGP 
TCCAAAATATTCAAGATCGTATAAAAAlWATATCAAAAAAeAAGAACAAGAGCCCACAAATnTAAAW "00 
N NKLAYWASLSISKMPCKKyHPCLIYGGVGLGKTHLLQSI 
ATAATAAACTTGCTTACAATGCCAGCrTX?rCAATCTCAAAAAATCCTCGGAAAAAATAT^ » 920 

GNKTEBLHHNLKILYVTAENFLNEPVESIKTHETKKFKKK 
CAAACAAAACAGAAGAAnACATCATAACCTTAAAATArr ATATCmCTGCrreAAAATTTTTTAAATCAATTTGTAGAAAGC^ 20 4 0 

yRYLDHLLlDOIKDI.QKKEGIQEELFHTPN ALYEDNKQl.V 
ACACATACTTAGACATGCTACTTATAGACGATATCCACGACTTACAAAAAAAACAAGCTATACAAGAAGAGCmTTCA^^ 21*0 
FTCDRSPSELTNFTDRLKSRFTRGLHVDISKPNFELBAAI 
TWATGTCACCGATCTCCTTCrre AACTTACAAATTTTACA6ATCGATTAAAAAGCAGATTCACAAGGGGAT 2280 
VEKKAEEDGINVPKN1LN1,VAQKVTTNVRDLEAAVTKLKA 
TCGA AAAAAAAGCAGAAGAAGATGGCATAAATGTCCCTAAAAATATACTAAATCTGGTrcCTCAAAAAGTTACAACCAACCTAAGACACCTTGAATC 2400 
yiDLDMIEIOIEIVEKIIKEIXlYEKETTNEPNNKIHIEN 
ATATAGATTTAGACAATATAGAAATTGACATTGAAATTGTTGAAAAAATAATCAAAGAAATAATAATmCGAAAAACAAACAACCAATC^ 2520 
IKKILLRBLKITHKDIEOHSKKPEITKARHIYAYLIRNFT 
TAAAAAAAATACTCTTAAGAGAGCTAAAAATCACACACAAAGATATTCAOGOGCATAGTAAAAAACCAGAGATAACAAAAQC 2640 



Fig, 4. For legend see facing page. 



were hybridized with probes of characterized genes, 
thereby revealing the identity of the fragments carrying 
the genes. The resolution of the physical map determines 
the resolution that can be obtained by this approach. Since 
certain areas of the chromosome are richer than others in 
sites for the endonudeases used for mapping, there is 
considerable variation in the degree of precision with 
which different genes can be mapped by this process. 
Thus the chromosomal locations of genes such as gfiiA 
and /tf were determined only approximately, whereas it 
was possible to map the locations of the rRNA genes and 
pheS precisely because they contained sites for one of the 
endonudeases used. The rDNA cluster, rbo^ and 
the dnaAgyrBA cluster, /^ffi*, thtgrpE ^/w^CJ cluster, and 
groEL have been located on both the B. ^lyr^^or/^r/ 21 2 and 
Sh-2-82 maps and all ioci mapped in identical positions of 
the genome, within the limits of predsion of the mapping 
procedure. Our current map of the B. burgdorferi 212 
chromosome has a total of 39 genetic loci (Fig. 3). 

Few comparisons of chromosomal gene organization 
within a bacterial species have been performed. In six 



strains of Mycoplasma mycoides subsp, mycoides the relative 
positions of nine loci were found to be conserved while 
one gene had undergone a translocation {?yltetaL, 1990). 
Analysis of different strains of Clostridium perfringens 
belonging to different biotypes showed that the overall 
organization of the chromosome in that bacterium is well- 
conserved (Canard etal., 1992). By contrast, the chromo- 
somes of two strains of -L. interrogans exhibit several major 
DNA rearrangements (Zuerner et aL^ 1993) and detailed 
comparison of six commonly used JS. coli K12 strains 
revealed insertions and deletions ranging in size from 1 to 
86 kbp (Perkins it aL, 1993). 

We have recently extended our mapping studies to include 
the chromosomes of B, garinii and B. af!(elii (C Ojaimi, B. 
Davidson, 1. Saint Girons & 1. Old, unpublished). Inter- 
estingly, all of the 30 genetic loci examined have been 
found to have the same relative positions in the B. 
burgdorferi, B. garinii and B, af:(elii chromosomes. Since 
these ioci are dispersed throughout the entire chromo- 
some this observation indicates the absence of major 
chromosomal translocation events during speciation and 
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ELSrVBIGKI IGGKTHSTVLYS XNKIDRDRNNDKCINNI.I 

AGCTATCAACAGTTGAMTTGSAAAMTTATTGGAGGGAAMCCCATTCAAC^^ 2760 

TBLMNKIKKN* TTATTTTAAACAATTCAACCAAATMTTTATCAAAAArAaACAWUUUU^CA^^ 2880 

AGATATTTACTTGCATCAimCTATTAAATACAATTAAAO^ATCAAACAGTACCTTACTACTATTACTACTATATATCTATA^^ 3000 



ffa«ir — >HLHNTFFICETNQIHNEIEKAKGI I LNRN 
ATAAAATGTAATAGAATATArAaSaSAfieCATCATGCTACACAACACATTTTTTATTTGCGAAACAAATCAAATO 3120 
rbs 

MNDIHSALLIEVKKSNLIIKSTDRNIFFESTISIVSETDP 

TG AATGATATTTGG AGrGCATTGTTAATAGAAGTAAAAAAATCTAATCTCATAATCAAATCAACAGACAGAAATATATTTTTTGAAAGCACAATTTCAATTGn 3240 

KVLXNASNFYOAVKAFNFyKXIKIVFNCNNSKLElHGELN 

AGCTATTAATTAATGCTTCAAATTTTTATGATGCAGTAAAAGCATTCAAnTmTAAGAAAATCAAAATAGTTTTTAAT 3 3 60 

DEKEEYEORI.KEPTFSYBEIENyNYDMVNEDYTFGIEIKQ 
ATGAGAAAGAGGAATATGAAGATCATTTAAAAGAGCCCACTTTTirATACGAAGAAATACAAAATTACAATTATGATATGGTTAATGAAGATTATACnTTGCAATTG^ 3480 

KSrKKVlNRIAFSAHLDESKNVLNGVyPSKDEOSKLLLVS 
AATCTTTTAAAAAAGTAATAAATAGAArAGCTTTTTCAGCACATCTTGATGAATCTAAGAATGTATTAAATGGTGTCTATTTnCAAAAGATGAACAnCTAAATTACT^^ 35OO 
TNGHRHSICXTEVIVECPVNriVPVKIFNFLKHLHSGEGH 
CTAATGGTCACAGAATGTCTATTTGTAAAACAGAAGTCATAGTTGAAGAAGATGTGAATTTTATAGTTCCTGTAAAAATATTTAAT^ 3720 
VKIKrSDKKryVEFOKyKIACSLINGNyPDYKSIIPXEQK 
TTAAAATAAAGTTTTCGGATAAAAAATTTTATGTTGAATTTGATAATTATAAAATACCTTGTAGCnAATTAATGGTAATT^ 3840 
NKSLVStGILKORLARVNLYVDKSRKLVLTFSELQLKLLG 
ATAAATCnTAGTTTCGCTAGCCATTTTAAMGATAGACTTGCAAGAGTCAATTTATATGTTGATAAATCAAGAAACnCGTTTTAACTTTCTCTGAGTTACAATTW 3960 

EDLJTGRKGEFFIKDPNYLYDCADEVMAINISYFVEAISV 
AAGATTTCATTACTGGAAGAAAAGGTCAATTTTTCATTAAAGATCCAAATTATCTGTATGACGGAGCACATGAGGmTGGCTATTAATAmCATATT^ #080 

FETSKIEIOFNSGNVLKLSEPENFNFTHLIMPMSLG* 

TTGAAACnCAAAGATAGAAATACAAmAATTCOGGCAATCTATTAAAATTGAGCGAACCTGAAAAnTTAATTTTACGCACTTCATAATGCCGA^ 4200 

OWr— >MNOSAFKKIGNVL 
TAATGCTATmGAATATTAAAATAAGCTTTTCTAGGTTTATTCAATATTGTnTTTQCATTCTGGTATAAAAAAnGATATGAATCATTCTGCTTT 4320 

KDYLESNLLVNKK I SSKLLIADKHNQI FEALSDDVKFLDF 
AGCArTArrTAGAATCCAATTTGCTTGTTAATAAAAAAATAAGTTCGAAAmTTGATTGCCGATAAATCGAATCAGATATTTGAGGCTTTATCAG^ 4440 



KNEOILFLEVSNSSILCSIAINKSKIIMSVKELTGIKIIO 
AAAATGAGCAGATCCTTTTTCTTCAGGrAAGCAATTCAAGTATTTTGTGTAGTATAGOVATCAATAAGTCGAAGATAATAAATTCAGTAAAAGAAI^^ 4S60 

I K V L V R * -> M K R 

JAAAGGTTTTGGTAAGGTAATTATTAllGWaATTGCATTTATATGCTAl&CmGTTAGTGTTTAATTTGTAGCTTG^ 4680 

rbs 

TYQPSRVKRNRKFGFRARMKTKGGRLILSRRRAKGRMKLT 
AQTTATCAACCCAGTXXTGTTAAAAGAAATAGAAAATTTGGGnTAGAGCTAGAATGAAAACTAAAGGCCGAAGACTTATTCTTTCAAGGCGAAGG^ 4800 

rapA -.>MRKRNISLKSKlEIQXIFReGKLXRFS|ILNLXHFyRSN 
VSDEKKKY* 

GTTTCTGATGAGAAAAAGAAATATTA6TTTAAAATCAAAAATACAAATT<»AAAAATmCAAAGAAGGCAA0CTGAmGAm 4920 

H L V Y S R I 
TCATTTGGTTTATTCTAGAATTC 4943 



Fig, 4, Nucleotide sequence of 4943 bp in the region of the B. burgdorferi gyrBA, dnaAN, rpmH, rnpA gene cluster (Old 
et dh, 1992a, b, 1993a. b). The noteworthy factors are the inversion of dnaA and dnaN (see Fig. S) and the absence of 
reef in the region, compared to the organization in f. co//, B, subtitis and R putida. The coding strand is presented 
(except for gyrB), Possible 'Pribnow boxes' of promoters are underlined, while potential ribosome-binding sites with 
identity with the 3' end of the 8. burgdorferi 16S RNA (5'-CACCUCCUUU-30 are underlined and marlced 'rbs'. Putative 
DnaA boxes are marked by '****♦****'. The primary structure of the corresponding polypeptides, as deduced from the 
nucleotide sequence, is Indicated In the one letter code. This sequence, which has been assigned the GenBank accession 
number U04527, includes the sequences previously designated LI 6681, 114943, L04647 and Z12166. 



a significant degree of chromosomal stability. Whether 
stability of this type has also occurred at the micro level 
will not be known until high resolution maps, possibly 
generated by DNA sequencing, are available for com- 
parison. 

7?ie ongin of replication - a novel arrangement ? The 

circular chromosomes found in bacteria such as £. coli^ 
Pseudomonas aeruginosa and Bacilltts subtilis have specific 
regions where replication of the chromosome is initiated 
(for a review sec Smith et aL^ 1991). These origins of 
replication [prt) contain at least four characteristically 
arranged 9 bp nucleotide repeats (DnaA boxes) which arc 
sites for the binding of the protein DnaA, the initial step 
in replication (Holz et al.^ 1992). Subsequently, DnaB and 
DnaC bind to the DnaA-DNA complex, replication 



commences and proceeds bidirectionally around the 
chromosome. Termination of replication also takes place 
at a specific site on the chromosome, ter^ which is located 
opposite ori on the chromosomal map. It is of some 
interest to determine how this process has been adapted to 
achieve the replication of the linear borrelial chromo- 
somes. 

One strategy used was to isolate h. burgdorferi homologues 
of genes that have a chromosomal location near to ori in 
better studied bacteria (Old etal., 1992a, b, 1993a, b). The 
identification of genes under these circumstances rested 
upon sequence homology, not functional properties. Use 
of this approach led to the discovery of a gene cluster in 
B. burgdorferi which contains the homologues of rnpA, 
rpmH, dnaN, dnaA ^ndg^rBA in that order (Fig. 4). This 
gene order differs from the normally highly conserved 
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«g. 5. Genetic organization In the dnaA regions of three typical (Badlius subtm, P. putida and 5. co//) and three atypical 
eubacteria [Buchnera aphidlcota, Mycoplasma capricofum and Borrelfa burgdorferi). The figure is aligned with respect to 
the dnaA gene. Open reading frames (boxed regions) and Intergenic regions (gaps) are drawn approximately to scale. 
The direction of transcription is shown by single-headed horizontal arrows while origin regions are marked with vertical 
arrows (In Bacillus subtilis a fourth origin is located between gyrA and rrnO). The genes shown are: gidA, gidB (glucose 
inhibited division proteins); 50K, 60K (proteins of undetermined function); mpA (ribonuclease P, protein component); 
rpmH (ribosomal protein L34); dnaA (chromosome replication initiation protein); dnaN (DNA polymerase III. /?-subunit); 
recF (inducer of SOS DNA repair); gyrB, gyrA (DNA gyrase, B- and A-subunlts); ksgA [S-adenosyl methlonlne-6-W',N'- 
adenosyl (rRNA) dlmethyltransferase]; licA, (outer membrane oligosaccharide biosynthesis); orf (open reading frames). 
For Borrelia burgdorferi 212 the direction of transcription of gidAB relative to dnaA is not known, and Its placement on 
the downstream side of gyrA Is Inf enred from the genetic arrangement in B, afzettL 



regions found in other eubacteria in a manner suggestive 
of a rearrangement during the evolution of the 5. 
burgdorferi chromosome (Fig. 5). The dnaA gene cluster 
was found to be located almost precisely in the centre of 
the B, burgdorferi chromosome, close to the rDN A genes 
(Old etaL, 1992b; Qsjcns & Huang, 1993). 

While the dnaA region of eubacteria is normally highly 
conserved, the number of origins of replication is not, 
varying from one for E, coli to four for Bacillus subtilis 
(Fig. 5), In E. coli, P, putida and B, subtilis, characteristic 
groups of DnaA boxes are located either adjacent to or 
near the gene gidA. In P. putida and B. subtilis^ a second 
origin is located between dnaA and rpmH^ while in B, 
subtilis there is a third origin between dnaA and dnaN and 
a fourth between ^r-^ and rmO, 

The dnaA region is considered to contain the ancestral 
origin of replication. A search for DnaA boxes (5'- 
TTATCCACA-3') in the B. burgdorferi dnaA region 
revealed none in the intergenic DNA region surrounding 
dnaA and two upstream of rpmH (Old et aL^ 1993a), In B. 

oriC is located upstream of gidAy approximately 
40 kbp from dnaA (Fig. 5), while there is a single DnaA 
box in the dnaA regulatory region, essential for auto- 
regulation of the gene. The B. burgdorferi gidA homologue 



has been cloned and mapped (Old et aL, 1992b). As in E. 
coli, the B. burgdorferi gene has been translocated relative to 
dnaA and gidA Ucs over 250 kbp from the central dnaA 
cluster. Determination of the nucleotide sequence around 
gidA should provide useful information on this point. 

It is possible that the nucleotide sequences and/or 
arrangement of B. burgdorferi DnaA boxes are atypical. In 
this respect, it is interesting to note that B. burgdorferi 
DnaA differs in the normally highly conserved region 
which may be involved in DNA binding (Old et aL, 
1993a). 

Thus at this stage, the available data on the location of (?r/ 
in the B. burgdorferi chromosome are inconclusive, A 
central location near dnaA has the appeal of symmetry, 
since bidirectional replication would proceed divergently 
to each telomere, where termination should occur more or 
less concurrently. As has been suggested previously (Old 
et aLy 1992b), this arrangement could have evolved from 
a circular chromosome by deletion of the DNA opposite 
the origin which normally encodes information for 
replication tennination. Termination at the telomeres of 
the linear chromosome would not require this infor- 
mation. If ori is located ncAiffdA, a different pathway for 
the evolution of the linear chromosome must have been 



1808 



Molecular biology of Borrflia 



followed, e.g. deletion of the tenninus region followed by 
translocation of gidA, 

An unusual organisation ofrRNA genes and ribosomal 
protein operons* The arrangement and organization of 
the rRNA genes in the Lyme disease spirochaetes is 
unusual among bacteria in that there are two copies each 
of rri (23S) and rrf (5S) but only one copy of rrs (16S) 
(Davidson et aL, 1992; Fukunaga et al., 1992; Schwartz et 
aL, 1992). rr/ and rrf are tandemly duplicated in the order 
rrlA rrfA rr/B rrfB, while rrs is located more than 2 kbp 
upstream of rr/A, Genes encoding tRN A^'* and tRNA"® 
are present in this intervening DNA (Schwartz ef a/,, 
1992; Gazumyan etai,, 1994). Normally, rRNA genes are 
present in operons that have the order: promoter, rrj, rr/, 
rrf This arrangement results in the synthesis of equi- 
molar amounts of the three rRNA species. The pattern 
of transcription of the rRNA genes in these Borrelia 
species has not been reported, so the manner in which it 
is regulated (presumably to achieve equimolar amounts of 
the three rRNA species) is not clear. It is likely that the 
genes of each rrl rrf pair are cotranscribed in a single 
transcript, since there is little DNA between them which 
could specify a promoter (Schwartz et 1992). On the 
other hand, the presence of a relatively good E, f<?//"like 
promoter sequence in the 182 bp spacer between rrfA and 
rrlB raises the possibility of independent transcription of 
each rrl rrf pair (Schwartz et aL, 1992), This unusual 
rRNA gene arrangement is typical of Lyme disease 
spirochaetes since jB, anserina, B. turicatae and B. hermsii 
each have only a single copy of both rri and rrf (Schwartz 
et ai.^ 1992). Thus, the duplication of rrl and rrf has 
evolved recently in the Lyme disease spirochaetes. The 
nature of the mechanism whereby co-ordinate synthesis of 
the 16S and oither rRNAs is achieved, assuming that one 
exists, is an interesting topic for further investigation. 

Recent work by Schwanz's group indicates that in B, 
burgdorferi the gene encoding elongation factor Tn (tuf) is 
not part of the str opcron, which usually comprises the 
genes encoding SI 2 and S7 ribosomal proteins and 
elongation factors EfG and EfTu in other bacteria. 
Instead, it is located only 50 bp upstream of rpsj, which 
encodes the ribosomal protein SIO (Gazumyan et tf/,, 
1994). The gene order of the operon which encoes the 
SIO ribosomal protein matches that found in E. coli. The 
implications of this unusual arrangement for regulation 
of ribosomal protein and elongation factor Tu synthesis 
in B. burgdorferi are being determined. 

Ikmar and drwlarplasmids 

Plasmids constitute a significant proportion of the Borreiia 
genome both quantitatively and genetically. For example, 
17% of the coding capacity of a low passage infectious 
isolate of B. burgdorferi B31 is in plasmid DNA (Marconi 
et al,, 1993a; Sadzienc et al,, 1993b). Both linear and 
circular plasmids have been observed. 

IMemr plasmids. Linear Borreiia plasmids were first 
observed in B. iiermii (Plasterk et ai., 1985) and subse- 



quently found to be a feature of all Lyme disease 
spirochaetes, Their role in antigenic variation has been the 
subject of a recent review (Barbour, 1993). In B. Ijermsii 
linear plasmids harbour the genes for the important 
antigens known as variable major proteins (Vmps) and 
provide the vehicle for the translocation of these genes 
that is responsible for antigenic variation (see section on 
antigenic differences). In Lyme disease spirochaetes, 
ospAB and ospD, wliich encode outer-surfece proteins 
(Osps), are located on linear plasmids. Other lincar- 
plasmid-encoded functions remain to be elucidated. 

The linear B. Itermsii plasmid bp7E, which carries the 
expressed version of the allele, has a copy number of 
14 per cell (0-9 per chromosome) in cells grown in mice 
and one-quarter to one-half this number in broth-cultured 
organisms (Kitten & Barbour, 1992). The type strain B. 
burgdorferi B31 has four different linear plasmids (Fig. 1). 
The 16 and 49 kbp plasmids of B. burgdorferi B31 also have 
a copy number of approximately one per chromosome 
(Hinnebusch & Barbour, 1992). These copy number 
values for both B. fjermsii and B. burgdorferi suggest that 
replication and partitioning of plasmids and chromosome 
are tightly coupled in these organisms. Such tight 
coupling may be achieved genetically and/or by the 
organization of the individual borrelial genomic elements 
(chromosome and plasmids) into nucleoids which arc 
distributed along the length of the cell and which replicate 
and segregate as discrete units (Kitten & Barbour, 1992). 

The telomeres of the linear plasmids. Two questions of 
major interest follow from the discovery of linear plasmids 
in Borreiia, What are the structures of the telomeres and 
how are they replicated? A definitive answer to the first 
question has been provided by the work of Barbour and 
his associates (Hinnebusch & Barbour, 1991). After 
initially establishing that the linear plasmids have cova- 
lently closed ends that arc disrupted by SI nuclease but 
not protease treatment, they isolated terminal fragments 
from the 16 kbp linear plasmid of B. burgdorferi B31, and 
directly determined their nucleotide sequences. Note- 
worthy was the discovery of a palindrome that constituted 
an inverted terminal repeat for the plasmid (Fig. 6). At 
each telomere the two strands of DNA arc covalently 
connected by four, unpaired nucleotides that form a 
hairpin loop. Significant homology, indicative of a 
common evolutionary origin, exists between the nucleo- 
tide sequences at the left ends of the 16 kbp plasmid, the 
49 kbp B. burgdorferi B31 linear plasmid, and a linear B. 
hermii plasmid. Another prokaryote rcplicon, that of the 
lysogenic coliphagc N15, exists as a linear double-stranded 
DNA molecule with palindromic terminal hairpin loops 
(Svarchevsky & Rybchin, 1984). However, the non- 
borrelial telomere which most clearly resembles the 
16 kbp B, burgdorferi plasmid telomere is that of a 
eukaryotic virus, African swine fever virus. This close 
resemblance led Hinnebusch and Barbour to propose the 
intriguing possibility that the linear Borreiia plasmids 
arose by a horizontal genetic transfer between kingdoms 
(Hinnebusch & Barbour, 1991). The fact that African 
swine fever virus and B. duttoni, an actiologic agent of 
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Fig, e. Nucleotide sequences of the telomeres of the 16 kbp linear plasmid from B. burgdorferi B31. Nucleotides shown in 
bold type comprise an indirect repeat sequence. The data are from Hinnebusch & Barbour (1991). 



relapsing fever, share the same tick host adds credence to 
this proposal. 

Circular plasmids. Circular plasmids carried by bacterial 
pathogens frequently confer virulence properties and 
other desirable characteristics such as antibiotic resistance. 
The number of circular plasmids in B. burgdorferi varies 
between strains and within a given isolate since some are 
lost during irt vitro cultivation. For example, the comp- 
lement of circular plasmids in B. burgdorferi Sh-2-82 
declined from six to four in the course of 2 years of in virro 
passaging from its initial low-passage state (less than 10 
generation times) (Simpson 9t ai,^ 1990a). TTic lost plas- 
mids were found to be non-essential for infection of 
Peromysm hucopus. In the Lyme disease spirochaetes, 
circular plasmids have been shown to carry the following 
loci : ospC (see section on OspC), homologues oiguaA and 
guaBi which encode the enzymes that convert XMP to 
GMP and IMP to XMP, respectively (N. Margolis, D. 
Hogan & P. Rosa, unpublished), and a class of species- 
specific repetitive DNA found in a number of circular 
plasmids but nowhere else in the genome (Simpson et al,^ 
1990b). While it has been suggested that this repetitive 
DNA may encode functionally similar proteins such as 
related antigens, further work is needed before any firm 
conclusions about its function are reached. 

Major outor-menribrane proteins of Bomlla 

Proteins of high abundance that are found in the outer 
membrane of borrellae have been studied extensively 

because they could be major antigens and play an 
important role in pathogenesis. In Lyme disease spiro- 
chaetes, the relevant proteins are referred to as OspA and 
OspB while in B. hermsii they are the Vmps. Despite 
considerable effort, the functions of OspA and OspB 
remain poorly defined, although a recent report (Sadzienc 
etal,, 1993a) showed that a mutant strain of B. burgdorferi 
in which OspB was truncated and under-expressed had 
diminished penetration capability and infcctivity. Im- 
portantly, this report emphasized the value of studying 
antibody-resistant mutants of infectious isolates as a 
means of determining the role of the Osps in pathogenesis. 

77ie os|»AB ofMitm hi Lyme disease spirodwetes 

The determination that ospA and ospB are organized in an 
opcron was made by deletion analysis and transposon Tn J 
mutagenesis of a plasmid which expressed both OspA and 
OspB in E. coli (Howe et ai, 1986). The insenion of Tn5 
within ospA abolished expression of ospB^ suggesting 
transcription of both genes from a single promoter. This 



was confirmed by the isolation of a 2*2 kbp transcript that 
hybridized with ospA- and wj&B-specific probes. In B, 
burgdorferi^ ospAB is carried on a 49 kbp linear plasmid 
(Barbour & Garon, 1987) while in B. garifiii and B. afz^lii 
it is present on 55 and 56 kbp linear plasmids, respectively 
(Samuels et 1993). Determination of the nucleotide 
sequence of ospAB from B, burgdorferi B31 was notable 
since it provided the first nucleotide sequence of borrelial 
DNA (Bergstrdm $t al,, 1989). The deduced translation 
products from ospA and ospB were 273 and 296 amino 
acids long, respectively, and contained signal sequences 
with sites (Leu-X-Y-Cys) for processing by signal pep- 
tidase II. A combination of results confirmed that OspA 
and OspB arc lipoproteins (Brandt et ai.^ 1990). In 
particular, it was shown that fatty acids are covalently 
linked to these two peptides in a way typical of most 
bacterial lipoproteins. 

OspA and OspB differ in both their molecular masses and 
the relative amounts of their expression (for a review sec 
Wilske^^<7/., 1992), As early as 1983apanel of monoclonal 
antibodies recognizing OspA and which discriminate 
between strains was developed (Barbour et ai, 1983), 
Within the B. burgdorferi species, OspA was found to be 
99% identical in three different strains (Bergstrom et al.^ 
1989; Wallich etaL, 1989; Fikrig etaL^ 1990). In contrast, 
there were significant inter-species differences with 
73-86 % identity for OspA throughout the Lyme disease 
spirochaetes (Eiffert et al., 1992; Jonsson et ai, 1992; 
Zumstein et ai., 1992). A similar degree of divergence 
between the three species was seen in OspB (Jonsson et 
al,y 1992). The most highly conserved region of OspA is 
the NHg-terminus. The two Osp proteins show 53% 
overall sequence identity, indicating a recent evolutionary 
duplication of an ancestral osp gene. It has been suggested 
that this duplication occurred before the geographical 
dispersion of the strains (Bergstr6m et ai,^ 1989). 

Antigenic differences or trve antigenic variation ? 

Borreiia are effective at evading the host immune response. 
The mechanisms by which they do this are better 
understood for B. hermsii^ where true antigenic variation is 
well-documented, than they are for the Lyme disease 
spirochaetes. 

Infection of a human (or experimental animal model) by 
a relapsing fever spirochaete such as fi. hermsii leads to a 
characteristic pattern of periodic fevers recurring at 
intervals of 4-7 d (for a review of antigenic variation In 
relapsing fever Borreiia species, see Barbour, 1990), Blood 
levels of borreliae rise and fall coincidentally with the 
fever. Analysis of this phenomenon was aided by the 
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observation that inoculation of a mouse with a single J3, 
hermsii HSl ceil yielded progeny spirochaetes with 25 
different serotypes. This experiment demonstrated sig- 
nificant capacity for antigenic variation in B. hermsii. The 
variation, which is called multiphasic antigenic variation, 
is reversible. 

At the molecular level, serotype specificity in B. hermsii is 
determined by the abundant membrane lipoproteins 
referred to as Vmps, which vary from 21 to 39 kDa in 
molecular mass. The genes encoding these proteins arc 
located on linear plasmids and are silent except when they 
arc present in a site immediately adjacent to one of the 
linear plasmid telomeres. Molecular analysis of the vmp 
locus in the 25 B. hermsii HSl serotypes referred to above 
indicated that the different vmp genes have related 
sequences (39-78%) and are flanked on each side by 
identical nucleotide sequences (Restrepo et aL^ 1992). 
These latter sequences are presumed to act as sites for 
homologous, intcr-plasmidic recombinations which en- 
able different vmp alleles to be translocated between silent 
and active (or expression) sites, thereby bringing about a 
change in the nature of the expressed Vmp with conse- 
quent antigenic variation. The translocation to the 
expression site, which has a subtelomeric location, is 
predominantly unidirectional and is either a form of gene 
conversion or a double crossover in which the previously 
active allele is lost. 

Burman etal, (1990) noted that of the known mechanisms 
used by pathogens to achieve antigenic variation, the one 
that most closely resembles the J3. hermsii mechanism is 
that used by a eukaryote, the African trypanosome. In the 
trypanosome, DNA rearrangements are used to create a 
telomeric environment for the expression of hitherto 
silent genes which encode different forms of the abundant 
surface protein (Vsg). The secondary structures of Vmps 
and Vsgs are similar although there is no sequence 
similarity between the vmp and vsg genes (Burman et aL, 
1990). In the absence of additional experimental data we 
can do no more at present than draw attention to this 
surprising similarity between these two phylogenctically 
quite distant organisms. 

Following infection by Lyme disease spirochaetes, the 
pathogen evades the immune response and then estab- 
lishes a chronic infection. One possibility is that this state 
is achieved through changes in the outer-surface proteins 
such as OspA, OspB and OspC, but current evidence for 
a mechanism involving true antigenic variation is not 
convincing. Different strategies have been used in an 
attempt to identify the mechanisms of celi-surfacc changes 
in B. burgdorferi. In one approach B. burgdorferi was 
examined to determine whether bona fide antigenic 
variation in OspB had occurred. The progeny of single 
organisms grown in vitro were examined using several 
clones obtained from HB19, a human isolate (Bundoc & 
Barbour, 1989). Variants in which OspB differed in 
molecular mass and its reactivity with monoclonal anti- 
bodies were found, but none of the variations were 
caused by major DNA rearrangements or the non- 
transcription of ospB, 



In a second approach, escape variants were selected by 
obtaining growth of B. burgdorferi in the presence of 
monoclonal antibodies directed against OspA or OspB or 
both (Sadziene et al,, 1992. 1993a; Coleman et ai, 1994). 
Three kinds of variants were obtained. The first had 
OspA and OspB proteins of the same electrophoretic 
mobilities as the wild-type but were no longer recognized 
by selecting antibodies. The second had truncated deriva- 
tives of either OspA, OspB or both. The third expressed 
neither OspA nor OspB and had lost the 49 kbp linear 
plasmid carrying ospAB. Two major conclusions con- 
cerning B. burgdorferi arose from these studies: (a) OspA 
and OspB are not essential for in vitro growth and (b) 
reduced size and expression of OspB are associated with 
lower virulence. A third analysis by Rosa et al (1992) 
yielded data suggesting that recombination between ospA 
and ospB could be a means of generating antigenic 
diversity. 

In conclusion, despite concentrated efforts directed 
towards the analysis of variability in the major outer- 
surface proteins of Lyme disease spirochaetes, a mech- 
anism of antigenic variation similar to that found in B. 
hermsii has not been demonstrated. 

OspA and OspB recombinant proteins are being evaluated 
for the development of a vaccine against Lyme disease. 
Immunization of mice was obtained after syringe injection 
or infected tick bites (Fikrig etaL, 1990, 1992). The mode 
of immunization is relevant since the Borrelia load 
delivered through a syringe can be up to 10* organisms 
whereas tick bites deliver at most 10' (Gern et 1993). 
In addition, tick saliva possesses antiinflammatory proper- 
tics which have been shown to lower host immune 
defences. The only vaccine commercialized in the USA is 
for dogs. This procedure has a 40% efficiency (for a 
review, see Barbour & Fish, 1993). It is not yet clear 
whether a human vaccine will provide a realistic way of 
combating Lyme disease. 

OspC a member of the Vmp family 

No function had been ascribed to a circular Borrelia 
plasmid until recently when ospC was localized to the 
27 kbp plasmid of Lyme disease spirochaetes (Marconi et 
al., 1993a; Sadziene et aL, 1993b). ospC encodes the 
immunodominant major protein formerly known as pC 
(Fuchs et al., 1992), an outer-membrane protein, which 
exhibits 70-74 % identity across the three species of Lyme 
disease spirochaetes (Jauris-Heipke et al., 1993; Wilske et 
aL, 1993). Interestingly, all the other analysed Borrelia 
species carry ospC on one or more linear plasmids 
(Marconi et ai, 1993b). OspC belongs to a family of 
surface-exposed proteins which comprise the Vmp of B. 
hermsii (Carter et al., 1994) and has been proposed as a 
candidate for a vaccine against Lyme disease (Preac- 
Mursic^/tf/., 1992). 

The 27 kbp plasmid of Lyme disease spirochaetes is cither 
very stable or essential for in vitro growth because it has 
never been cured. Sadziene et al. (1993b) analysed 
derivatives of the B. burgdorferi B31 lineage for plasmid 



1811 



I. SAINT GIRONS, I. G. OLD and B. E. DAVIDSON 



content and the expression of ospC and found tJiat 
although ospC was present throughout, some derivatives 
did not produce OspC. In particular, OspC was produced 
by two high-passage isolates, B. burgdorfm B312 and 
B314, but not by the parental strain, B31. or another high- 
passage derivative, B313. The plasmid complement of 
these four strains differed in a way that suggested that a 
product of the 16 kbp linear plasmid, lpl6, specifically 
caused negative regulation of ospC, This hypothesis 
remains to be tested, since the obvious way of achieving 
it, by introducing lpl6 back into strain B314, is not 
possible until genetic transfer is available for B. burgdorferi. 

The regulation of ospC expression appears to be in- 
terdependent with that of ospAh, since low-passaged 
strain CA-ll 2A does not express ospAB, but expresses 
ospC (Wilske et aL, 1993). After 40 passages, the situation 
was reversed (Margolis & Rosa, 1993). There is a clear 
need for further analyses of this area to determine if a 
regulatory circuit exists that controls the levels of the 
various Osps. 

OspD, a iKifvfiVe vintlence factor 

An interesting search for proteins important for patho- 
genesis and immunogcnicity was undertaken by Norris t t 
aL (1992) using the rationale that proteins present in a 
low-passage isolate and absent from the corresponding 
high-passage derivative are potential candidates. Two- 
dimensional gel electrophoresis was used to identify four 
proteins associated exclusively with low-passage isolates. 
The proteins were isolated and found to be lipoproteins. 
The gene for the most abundant, OspD, a 28 kDa protein, 
was cloned and located on a 38 kbp linear plasmid. A 
similar gene is present in plasmids in the 35-40 kbp range; 
in other low-passage strains from B, burgdorferi and B. 
garinii. The predicted amino acid sequence of OspD had 
no significant similarity with the sequences of any proteins 
in the databases. An intriguing glimpse into the regulation 
of ospD was provided by the discovery of seven 17 bp 
direct repeats, each containing a —35 and a —10 element 
of a (7^^-likc promoter sequence, in its 5' flanking DN A. 
Transcription initiation was mapped to the closest pro- 
moter to the start codon. It was proposed that the six 
upstream promoter sequences could serve as stacking 
sites for RNA polymerase molecucs awaiting a free 
promoter and/or sites which undergo rccombinational 
events affecting promoter function. The OspD protein 
was expressed by low-passage strains but its presence is 
not required for infectivity. It therefore cannot be a 
virulence factor. 

Endoflagella, characteristic of spirochaetes 

Spirochactes have endoflagella, which are the functional 
equivalents of the external flagella found in other bacteria. 
A unique feature of spirochactal endoflagella is that they 
are contained within the periplasm (for a review see 
Charon etaL, 1992). One or several flagclla, depending on 
the spirochaete genus, arc inserted subtcrminally at each 
end of the cell cylinder and provide an efficient motility 
system for the organism. 



In contrast to most spirochactal cndoflagellar filaments, 
which are composed of a number of polypeptides, the B. 
burgdorferi endoflagellum consists of only one type of 
subunit, the 41 kDa protein Fla. Analysis of fla predicts 
that the protein is comprised of 336 amino acids and has 
a molecular mass of 35-8 kDa. The discrepancy between 
the measured and predicted molecular masses of Fla may 
result from glycosylation of the gene product (Luft etai,^ 
1989). The sequence of Fla is highly conserved (96-97 % 
identity) within the Lyme disease spirochaetes (Wallich et 
aL, 1990; Gassmann f/ aL, 1991; Jauris-Heipke f/ al,y 
1993) and also has a significant degree of homology with 
the analogous flagellin protein in other spirochaetes (B. 
hermsii and T. pallidum) and in phylogenetically distant 
bacteria {Bacillus subtilis, Serratia marcescens, E. coli and 
Salmonella typbimurium), 

A flagella-less B. burgdorferi mutant, characterized by a 
reduced ability to penetrate human endothelial cell layers, 
has been reported (Sadziene et aL, 1991). The mutation 
involved neither a major DNA rearrangement nor the 
failure of transcription and was therefore probably a 
nonsense or frameshift mutation. 

Recently, two other flagellin genes,/;G, encoding flagellar 
shift protein, and flgE, encoding the hook protein, have 
also been isolated (N. Charon, unpublished results). The 
three flagellin genes are not arranged in a single operon 
but are scattered on the chromosome (Fig. 3). 

Potential involvement of heat-«hock proteins 
in autoimmune reactions 

It has been suggested that many late symptoms of Lyme 
borreliosis are caused by autoimmune reactions resulting 
from structural similarities between borrelial antigens and 
host proteins. Heat-shock proteins (Hsps), which are 
highly conserved and present in all cellular organisms 
(Lindquist, 1986), may be important in the development 
of these reactions through molecular mimicry by the 
pathogen. In this regard, it is of interest that a monoclonal 
antibody specific for the B, burgdorferi flagellin detects the 
human chaperonin HSP60 (Dai et aLy 1993). Borrelia must 
survive in the two different environments of an arthropod 
vector at ambient temperature and a warm-blooded host. 
The transmission from vector to host by the bite of a dck 
will cause a sudden increase in temperature similar to the 
heat stress normally responsible for the heat-shock 
response. For these two reasons, the molecular biology of 
borrelial Hsps has attracted attention (Carreiro et al,, 
1990; Cluss & Boothby, 1990). 

The first Hsp that was characterized at the molecular level 
was the so-called 'common antigen * (Hansen etal., 1988), 
which is homologous to GroEL from other bacteria. 
Subsequently, dnaK, dna] and grpE were isolated and 
analysed (Anzola et al., 1992a, b; Tilly et al,, 1993). J3. 
burgdorferi DnaJ contains four cysteine-rich repeats, each 
with the Cys-X-X-Cys-X-Gly-X-Gly motif characteristic 
of DnaJ proteins. B. burgdorferi dna J ^nd grpE complement 
the corresponding E, coli mutations while JB. burgdorferi 
dnaK docs not complement £. coli dnaK mutations. The 
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arpEt dnaK and dna J genes may form an operon with the 
promoter upstream of grpE, 

Genetic transfer and genetic t<x»is 

As mentioned in the first section, the genetic analysis of B. 
burgdorferi has been hampered by the absence of any 
exchange mechanism, such as transduction or transform- 
ation, that allows the introduction of genes into Borreiia 
cells. Bacteriophage particles have been visualized by 
electron microscopy in the culture of a Lyme disease 
spirochaetc but have not been physically isolated (Hayes et 
aL, 1983; Neubert et aL, 1993). As yet, none of the linear 
and circular plasmids have been developed as a tool for 
gene delivery. Electroporation has resulted in homolo- 
gous recombination (D. S. Samuels, personal communi- 
cation) within Borrelia wild-type cells transformed with a 
linear fragment of Borrelia DNA carrying a mutation in 
iyrB (Samuels et aL^ 1994). 

Undoubtedly, the development of a transformation sys- 
tem for Borrelia is essential for sophisticated genetic 
analysis in this genus and would be much welcomed by 
investigators in the field. Similarly, a method for conjugal 
transfer between a well-studied bacterium such as E. coli 
or B. subiilis and Borrelia would provide major oppor- 
tunities for studying the pathogenic and antigenic proper- 
ties of these spirochactes. 

For editorial reasons, wc have carefully Umited the number of 
references cited, using reviews which can lead interested readers 
back to the original paper wherever possible. Wc hope that our 
colleagues will excuse us for not citing all their papers and 

understand the dilemma wc faced. 
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